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ABSTRACT
The heat transfer in an anisotropic thermosetting advanced composite
during its cure was investigated experimentally and then modeled
analytically as well as empirically. AS4/3501-6 graphite/epoxy was used for
the experiments. A cure kinetics model based on the variation of resin peak
exothermic temperature was compared to the experimental data for the
resin degree of cure measured at various times for a series of constant
temperatures. This model predicted the experimental values well for
temperatures above 150'C but did not perform as well below this
temperature. The specific heat of the composite was found to decrease with
temperature when the resin is a liquid but to increase with temperature
when the resin gels and becomes a solid. Models have been developed to
predict the thermal conductivity of the fiber-reinforced composite as a
function of fiber volume fraction, resin degree of cure, ply layup angles
measured in any direction and for various fiber/matrix contact conductances.
These models were experimentally verified using a guarded hot plate
apparatus to measure the thermal conductivity of the graphite/epoxy as a
function of these variables through a range of typical cure temperatures. A
second order tensor transformation of the principal thermal conductivities
was experimentally verified for the fiber-reinforced composite. A unique
experimental procedure was designed to measure the off-axis conductivities
of an anisotropic composite material. A new self consistent model for the
transverse thermal conductivity of a fiber-reinforced composite predicts the
experimental data better than seven models previously derived by other
authors which were also compared to the data. The self consistent model
predicts a percolation threshold near a fiber volume fraction of 48%. A
model for the- effective transverse conductivity of a material with cylinders
arranged in rectangular order, first derived by Lord Rayleigh, was modified
to account for the possible effects of a fiber/resin contact resistance and for
the transversely anisotropic behavior of the composites' thermal
conductivity.
Thesis Supervisor: Eugene E. Covert
Title: T. Wilson Professor of Aeronautics
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Chapter 1
Introduction
1.1 Motivation for this Research
Advanced composite materials are used for structural applications
where high stiffness-to-weight and strength-to-weight ratios are desired.
Throughout the past three decades aircraft designers have incorporated a
rapidly increasing amount of advanced composite material into the design of
their aircraft structures. Military aircraft have generally led the way in new
uses for composite material. The McDonnell Douglas F-18 fighter is
composed of 10% composites by weight and 50% by surface area. The
Rockwell B-1B bomber uses 6,700 lbs of advanced composites per aircraft [1].
Present military aircraft designs such as the F-117 fighter, B-2 bomber and
the F-22 fighter use even more composites structurally and utilize recently
developed composites incorporating radar absorbent material (RAM) as part
of their stealth ability. The design of the National Aerospace Plane (NASP)
relies heavily on advanced composites, such as carbon/carbon, to maintain
high strength-to-weight ratios and to achieve the desired thermal transport
properties.
In the commercial aircraft sector, where fuel economy is very
important (and thus structural weight must be kept low), aircraft companies
have long been users of advanced composites to help reduce aircraft weight.
The Boeing 767 has about 3 percent of its structural weight and 30 percent
of its external surface (principally, the control surfaces) made of advanced
composites. This small structural percentage saves about 1400 lbs of weight
per aircraft [1]. The surface composites are used principally due to their
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superior fatigue and corrosion resistance. Additionally, the Boeing 777 will
use advanced composites in the stabilizer torque box, fin torque box and
leading edge panels on the vertical tail. Traditionally, weight savings of up
to 27% have been achieved when these parts are built with composites
instead of metallic materials.
Advantages of using advanced composites are numerous, among the
most important are:
1. Potential weight savings of up to 27% per part through high
specific stiffness and specific strengths
2. Reduced part count
3. Superior fatigue and corrosion resistance
4. Flexibility of design due to anisotropic properties
5. Modified radar response
6. Low coefficient of thermal expansion
However, problems have occurred in applying advanced composites to
larger structural pieces and in efficiently manufacturing the parts for
commercial aircraft. At this point, Japan has been unable to manufacture
an all-composite wing for the FSX fighter aircraft [2]. Boeing is currently
designing an all-composite vertical tail for the 777 where thick composite
sections as well as thin sections are cured simultaneously. High porosity
fractions have been found in areas where these sections join. Commercial
applications have in part been limited by our ability to manufacture a
composite part of high quality in a cost efficient manner.
In his presentation to the Science and Innovation in Polymer
Composites Processing Conference in Cambridge, MA during the summer of
1992 Professor Stephen Tsai of Stanford University said that the two
fundamental questions about composites have traditionally been related to
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our confidence in them and their cost to us. He remarked that the industry
now has a high confidence level for composites in most aircraft applications.
However, he said that the question of cost has not yet been resolved. In the
face of shrinking military budgets and many commercial manufacturers'
belief that "a new technology must buy its way onto the aircraft" this is
indeed a very important question.
1.2 Objectives of this Research
The principal objective of previous researchers has been to understand
the physics of processing advanced composites. The idea here is that with
our understanding of the process will come an ability to manufacture more
complex parts and to manufacture them in a cost efficient manner. This
objective would include lowering scrap and part failure rates that cost money
and time, and are environmentally wasteful.
The objective of this research is to gain a fundamental understanding
of the thermal transport and curing properties of an anisotropic advanced
composite during its cure process in an autoclave. Aerospace grade
graphite/epoxy, specifically, AS4/3501-6 a thermosetting resin system, is the
advanced composite used for this research. The focus is on the physical as
well as the mathematical model of heat conduction and generation in these
advanced composite materials. Past researchers have modeled this process
in one-dimension for a flat unidirectional laminate. The outcome of this
research is the knowledge necessary to model in three-dimensions the heat
transfer in a practical aircraft part composed of multidirectional lay-ups
with varying fiber volume fractions and varying material properties during
its cure. The thermal conductivity, cure kinetics, specific heat and density of
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the material are all examined theoretically as well as experimentally as they
change during the cure.
This research contributes the theory and experiments necessary for
accurately calculating the temperature and degree of cure profiles within an
arbitrarily shaped composite part. Accurate calculation of the temperature,
pressure and degree of cure profiles in a laminate are necessary, although
not sufficient, for prediction of the conditions necessary for the formation of
voids, residual stress and warpage. Predicting the occurrence of these
defects will determine if a chosen cure cycle is appropriate for a high quality
laminate. The knowledge gained from this research could also be used in
formulating control rules for expert cure control systems or for monitoring
the resin cure state in a practical 3-dimensional aircraft part.
1.3 Overview
A review of the literature containing the current theory of heat
transfer in anisotropic graphite/epoxy is given in Chapter 2. Its purpose is
to set forth what has been accomplished in this research field and to point
out what needs to be done. This chapter starts out by broadly defining the
important aspects of curing graphite/epoxy and then quickly focuses on the
heat transfer aspect of the problem to help bound this very broad research
field.
The theory necessary for understanding the cure kinetics of neat resin
and resin with impregnated fibers is derived in Chapter 3. The
experimental setup for the cure kinetics tests, using the Differential
Scanning Calorimeter (DSC), is explained next. Finally, the experimental
results are given and compared to the theory and to previous work.
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The theory necessary for understanding and measuring the specific
heat of the graphite/epoxy is derived in Chapter 4. The experimental setup
for the specific heat tests is explained, including how the DSC was used.
Finally, the experimental results are given and compared to the theory and
to previous work.
The manufacturing processes used to create the laminates for the
thermal conductivity tests are described in Chapter 5. The general
manufacturing procedures are described first and then the specific
procedures used for each set of laminates with unique characteristics are
given. This chapter also describes the cure of a thick composite plate and its
internal temperature profile during the cure.
The theoretical aspects of thermal conductance in an anisotropic
graphite/epoxy laminate during its cure are given in Chapter 6. The models
necessary to calculate the effective conductivity of the graphite/epoxy in its
principle axes are described and where appropriate, derived. The theory
necessary for rotating principle conductivities into another coordinate frame
is also derived. Finally, an energy balance for a laminate with ongoing
exothermic reactions during a conductivity test is modeled.
The experimental setup and design of the thermal conductivity tests
is described in Chapter 7. A guarded hot plate, provided by M.I.T. Lincoln
Lab, was used for the thermal conductivity tests. Possible errors for the
experiments are measured and discussed.
The experimental measurements of the thermal conductivity are
presented in Chapter 8. The experimental results are compared to the
theory of Chapter 6 and to previous research of other authors.
The conclusions of this research and recommendations for its
application and for future work are given in Chapter 9. Particular attention
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is paid to how the results of this research can be used to improve the
efficiency and reliability of manufacturing processes involving advanced
composites.
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Chapter 2
Previous and Current Research
2.1 Previous Research
2.1.1 Introduction to the Field
Historically, research on the manufacturing process of advanced
thermosetting composites has spanned many engineering disciplines. This
is because the process involves the coupling of fluid flow, heat transfer and
the resin chemical kinetics of the material. Material properties such as
resin viscosity and composite thermal conductivity, specific heat, fiber
volume fraction and density change during the cure process of thermosetting
composites. These properties are necessary for the calculation of
temperature, pressure and degree of cure distributions throughout the
composite during cure. Accurate calculation of the temperature, pressure
and degree of cure profiles in a laminate are necessary, although not
sufficient, for prediction of the conditions necessary for the formation of
voids, residual stress and warpage.
Various approaches to controlling the cure cycle have been proposed
and are shown in Figure 2.1. Process Models [3, 4] are based on calculations
of the temperature, pressure and degree of cure profiles using the governing
equations with initial and boundary conditions. These models are used to
provide off-line control of the process from an analysis of a cure cycle before
the laminate is cured. Expert Systems [5-9] are said to provide a means for
selecting and controlling the cure cycle in real-time. The temperature and
the pressure of the cure cycle are controlled on-line through the use of
if/then rules that have been formulated from cure experience.
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Figure 2.1 Various approaches to controlling the cure cycle.
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An expert model would use the equations of the process model to formulate
the rules of the expert system in real-time to control the cure cycle. An
intelligent system would be an expert model with the ability to formulate
new decision rules based on previous experience. However, the predominate
method of designing a cure cycle has been the method of trial and error.
2.1.2 Fundamental Processes
Fundamental to any of these control methods is an understanding of
the chemico-physics of processing advanced composites. There are at least
three important processes that should be understood. These are the resin
flow, chemical kinetics and heat transfer that occur during the cure of a
thermosetting advanced composite.
A review of the literature shows that at least three research groups
have studied the resin flow problem. A research group led by Gutowski has
studied the resin flow and elastic deformation of composites during their
cure [10-151. Springer's research group has also studied the resin flow
during cure [3, 4, 16-19]. Other researchers studying the resin flow and
subsequent void transport during cure include Dave and Kardos [20-22].
Chemical kinetics of thermosetting resins has also been studied by
many authors who have generally used the DSC [23, 24] to measure the
material properties. Loos [3, 41 used a chemical kinetics sub-model as part
of a total composite cure process model. A research group led by Mijovic has
published numerous papers dealing solely with the chemical kinetics of
thermosetting resins [25-27] as well as changes in physical properties such
as the specific heat, thermal conductivity and density during cure [28-30].
Additionally, other researchers have included a study of resin chemical
kinetics as part of their work [19, 31-34]. An excellent review of the physics
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and measurement procedures associated with the cure kinetics of
thermosetting resins has been written by Prime [35].
The temperature distribution throughout the composite during its
cure is governed by an energy balance equation that may include
conduction, convection, radiation and internal heat generation terms to
determine the internal energy. The radiation term is generally neglected
because of small temperature gradients within the laminate. Although Cai
[15] has shown that convection may be important to the heat transfer in
some cases (low fiber volume fractions and high resin flow) this term is
generally neglected in the energy balance due to typically small flow rates.
The internal heat generation may be caused due to the exothermic chemical
reactions of the resin as previously discussed or due to resin dipole
interactions caused by processing the composite at microwave frequencies.
Research has been conducted on the curing of advanced
thermosetting composites at microwave frequencies throughout the past
decade. It has been found that thermosetting resins cure very efficiently at
microwave frequencies but when they are impregnated with conducting
fibers many problems occur. Lee and Springer [36, 37] were among the first
investigators to comprehensively model the energy produced when resin is
cured at microwave frequencies. They concluded that microwave cure was
effective for non-conducting glass fiber composites but was generally
inefficient for graphite fiber composites. More recently, a group of
researchers led by Jow and Hawley [38-41] has concluded that crossply and
thick graphite fiber/epoxy composites can be successfully cured at microwave
frequencies in a tunable resonant cavity. However, problems with the
efficiency, uniformity of cure and the flexural strength of the cured
composite have been encountered in these composites. Mijovic and Wijaya
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have written a review on the state of the art of microwave curing [42] while
Varadan has explored the possibility of repairing composite materials using
microwaves [43].
The material specific heat and density during the cure of the
composite are necessary to determine the rate of change in its internal
energy. Mijovic and Wang [44] have studied how these material properties
change during the cure for a specific fiber (Celion 6000) and resin (MY720-
Ciba-Geigy Co.). Scott and Beck [45, 46] have also devised a very promising
procedure for the transient estimation of the thermal properties of a
thermosetting composite during its cure.
The material thermal conductivity during the cure of the composite is
also necessary to determine the heat flux throughout the laminate. In the
material symmetry axes of unidirectional composites three principal
thermal conductivities exist. These are the longitudinal and two transverse
thermal conductivities. Authors such as Tsai [47] generally consider
advanced composites to be transversely isotropic in which case only one
transverse conductivity is necessary. However, there is now evidence that
the thermal conductivity is not transversely isotropic in all fiber-reinforced
composites. In either case, methods have been devised for modeling and
measuring the thermal conductivity in the principal axes as well as in axes
rotated at an angle to the principal direction.
Process models, such as the one presented by Loos [3, 4], have
traditionally used only transverse thermal conductivity models based on
unidirectional, square packed laminates for the one-dimensional case. The
experimental study conducted by Mijovic and Wang [44] measured large
changes in the thermal conductivity of a unidirectional graphite/epoxy
laminate during its cure using a thermal conductivity apparatus described
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in [48]. Only recently have Bogetti and Gillespie [49] completed a computer
code that calculates the temperature and degree of cure profiles during the
cure in a two-dimensional laminate with varying ply layup angles.
However, their numerical procedure of rotating principal thermal
conductivities using a second order tensor rotation had not been
experimentally proven when they completed their research. Scott and Beck
[45, 46] have also used their transient estimation method to estimate the
thermal conductivity of a thermosetting composite during its cure. They
find a significant difference between the estimated transverse thermal
conductivity of laminates with different stacking sequences. This suggests
that the laminates are not transversely isotropic.
The general theory of heat conduction is presented in a number of
textbooks. Carlslaw and Jaeger [50] derive the analytic equations for heat
conduction in a homogeneous anisotropic media. Two books by Ozisik [51,
52] contain a chapter each on the heat conduction in an anisotropic medium.
These two books also contain the theory of conduction in a material that
undergoes a phase-change or has internal heat sources. Additionally, books
by Schneider [53] and Tye [54] present the theory of heat conduction in
solids. Lienhard [55] discusses the importance of the thermal contact
conductance between two materials. Lienhard shows that the contact
conductance is strongly dependent on the surfaces' roughness, pressure
applied and the intermediate material. General composite materials books
also have sections that present aspects of the thermal conduction in modern
composites [47, 56-58]. The reference by Tsai and Hahn [47] contains the
derivation for the rotation of principal conductivities based on a control
volume energy balance.
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2.1.3 Effective Transverse Thermal Conductivity
The calculation of an effective transverse conductivity for a composite
containing two or more different materials has been studied by some of the
most illustrious names in science. Landauer [59] presents the early
chronological development of this field from its beginning in the early
1800's. In his review, Landauer finds that Avogadro (1806-1807) and
Faraday (1837) first proposed models of a dielectric which consisted of a
series of metallic globules separated from each other by insulating material.
However, Landauer states that discussion of the effective conductivity
(thermal conductivity, electrical conductivity, diffusivity, electrostatic
permitivity and magnetic permeability are all calculated analogously) is
generally first referenced to the work of Lorentz (1868) in most modern
textbooks. Hashin [60] also presents an excellent review on the analysis of
composite materials. Hashin begins with the work of Maxwell [61] in 1873
and Lord Rayleigh [62] in 1892. Maxwell derived an equation for the
effective conductivity of spherical inclusions embedded in a material of
different conductivity (which is not necessarily non-conductive). Rayleigh
computed an equation for the effective conductivity of cylinders as well as
spheres arranged in a rectangular order. According to Rayleigh [62], these
equations are valid "when the dimensions of the obstacles are no longer very
small in comparison with the distances between them." The Rayleigh model
has recently been refined by Meredith and Tobias [63], McPhedran and
McKenzie [64) and by Bergman [65, 66].
In this century, the method used by most authors to obtain an
effective conductivity has been the self-consistent scheme (SCS) which will
be described further in Chapter 6. The SCS was first used by Bruggeman
[60] whose version directly embeds a typical spherical particle in the
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"effective" medium. The effective medium has homogeneous properties
based on those of its constituents. The method of solution is a boundary-
value problem that solves for the mean potential gradient field in this
typical particle. The calculation of the effective conductivity follows from
this mean particle field. Similar results have been obtained by Landauer
[67]. Polder and Van Santen [68] have derived a similar equation for
multiple materials embedded in a matrix. More generalized versions of the
SCS have also been derived by embedding a typical particle in a matrix shell
which is then embedded in the effective material. Once again, the
calculation of the average field in the typical particle is necessary to obtain
the effective conductivity. Kerner [691 as well as Hashin [70] have used this
generalized version to calculate the effective conductivity of spherical
particles embedded in a matrix. Hashin [70] has also shown that the upper
and lower bounds found by Hashin and Shtrikman [71] using variational
theorems are equivalent to the SCS methods of Kerner [69] and Hashin [70]
respectively. The equation derived by Bruggeman, Landauer and Polder
and Van Santen always falls between these two bounds. Once again, these
equations are only valid for spherical or ellipsoidal particles.
Models for the transverse thermal conductivity based on methods
different than the SCS have also been proposed. Springer and Tsai proposed
a model based on this problem's analogous nature to longitudinal shear
loading [72]. Behrens [731 obtained "a field solution for long wavelengths of
the equation.of heat conduction." The resulting equation that Behrens
derives is equivalent to the lower bound of the SCS for spherical as well as
cylindrical particles. Thornborough and Pears [74] model the problem as a
combination of fibers in series, matrix in series and fiber/matrix in series all
of which are in parallel with each other. They do not say how they would
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determine the appropriate fractions for these combinations other than to
arbitrarily specify them. Han and Cosner [751 use a point-matching scheme.
They solve for a series of unknown coefficients in determining the potential
gradient, and thus the effective conductivity of a two-phase fiber composite,
for a variety of arbitrarily specified geometries. This technique provides a
way to calculate the effective conductivity of a two-phase fiber/matrix
composite with closely packed fibers and any arbitrarily specified geometry.
The disadvantage of this method is that it is no better than the SCS if the
average geometry is unknown. Further, even if known, the equations can
not be solved by hand. Pitchumani and Yao [76] have used fractal
techniques to compute the effective conductivity. Finally, the most simple
model that can be used is to assume the fiber and matrix conductivities are
completely in series to obtain a very rough approximation of the effective
conductivity.
Most of the above referenced papers contain experimental data that is
compared to the respectively proposed effective conductivity model.
Experimental data has been independently compared to some of the above
models by Mijovic and Wang [44] using a guarded hot plate apparatus, by
Brennan et. al. [77] using a laser flash method and by Ishikawa [78] using
an apparatus based on the infra-red radiation method. Additionally,
reviews by Progelhof, Throne and Ruetsch [79], Ziebland [80] and by
Mottram and Taylor [81] contain experimental data that is compared to
some of the above models. A review by Chamis [82] also contains a
comparison of some of the proposed models. A major problem with
comparing the transverse thermal conductivity experimental data of the
fiber-reinforced composite to the models is that there appears to be no
reliable way of measuring the transverse thermal conductivity of the fiber.
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A method of accomplishing this measurement would enable a much better
comparison between theory and experiment where typically the transverse
thermal conductivity of the fiber is extrapolated from the data.
2.1.4 Percolation and Contact Resistance Effects
Two important effects that strongly influence the transverse thermal
conductivity are the percolation effect and an interfacial thermal barrier
resistance between the fiber and the matrix. The onset of the percolation
effect occurs when the conducting particles in a less conductive media begin
forming a continuous lattice throughout the composite. As the lattice forms,
the effective conductivity of the composite increases more rapidly with an
increase in the volume fraction of the particles. This effect has been
modeled for spherical, ellipsoidal and needle-like particles [60, 67, 68] and
discussed thoroughly by Bergman [65] and Kirkpatrick [831. The interfacial
thermal barrier resistance has been modeled by Hasselman and Johnson
[84] who modified the equations derived by Rayleigh [62] using a technique
similar to that of Maxwell [61]. The interfacial barrier may be important to
the determination of the transverse thermal conductivity when fiber
coatings have been used, electrochemical treatments have been used or
when imperfect contact occurs between the fiber and resin. Hatta and Taya
[85], Benveniste [86] and Chiew and Glandt [87] have also modeled the
conductivity of coated filler composites. Drzal [88-90] appears to have first
defined the resin-matrix interface area as the interphase region and to have
completed significant research regarding its design. Vutz and Angrist [91]
have also modeled the contact resistance for anisotropic materials. Osiroff
and Hasselman [92] and Peters and Springer [93] have shown that this
interphase region is important to the mechanical properties of a laminate.
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2.1.5 Rotation of the Principal Conductivities
Once the effective principal conductivities (transverse and
longitudinal - using a simple parallel model) have been measured it is
necessary to have a method of rotating these into another reference axes. A
second order tensor transformation of the principal conductivities has
generally been suggested for this purpose [47, 50-52]. In fact, Bogetti and
Gillespie [49] used the mathematics of this transformation in their two-
dimensional heat transfer model. However, at the time this research began
the transformation had not been proven experimentally for a fiber-reinforced
composite. Grove, Short and Bacon [94] describe an experimental set-up
using a guarded hot plate with a long rod configuration, detail the
manufacture of their specimens but don't present their experimental results.
Harris et. al. [95] and Pilling et. al. [96] use a version of the guarded hot
plate to study this transformation rule experimentally. They conclude that
they have experimentally proven the second order tensor relationship for
thermal conductivities but the difference between their experimental and
theoretical results is clearly greater than the experimental error for their
tests. A possible reason for their discrepancies is given later in this thesis.
Havis et. al. [97] also study the transformation rule but their experimental
data do not always predict the mathematics of the transformation even
within their 90% confidence range. These researchers experienced "edge
effect" difficulties in their experiments. A paper published just last month
by Hasselman et. al. [98] demonstrates that the test specimen geometry
affects experimental results for a second order tensor transformation of the
thermal conductivity of a fiber-reinforced composite. This method uses a
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flash-technique that measures the thermal diffusivity of the laminate during
the transient test.
2.2 Current Research
The objective of this research is to gain a fundamental understanding
of the thermal transport and curing properties of an anisotropic advanced
composite during its cure process in an autoclave. More specifically, this
research studies the cure kinetics, specific heat, density and thermal
conductivity of an anisotropic advanced composite during its cure. The
research into these properties is experimental as well as theoretical.
2.2.1 Cure Kinetics
The current research studies how the variation of peak exothermic
reaction method derived by Prime and based on results of previous authors
[23, 24, 33, 99-101] can be used to describe the cure kinetics of
thermosetting resins. Experimental results are compared to the variation of
peak exothermic method and to the previous empirical model of Lee, Loos
and Springer [34].
2.2.2 Specific Heat and Density
The current research studies the specific heat and density of an
AS4/3501-6 graphite/epoxy composite. Empirical relationships are derived
for the material. The trends in the experimental results for the material
studied in this thesis are compared to the results of Mijovic and Wang [44].
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2.2.3 Thermal Conductivity
A principle focus of the current research is on the thermal
conductivity of the composite during its cure. Experimental as well as
theoretical extensions have been made to the work of previous researchers.
Experimentally, the thermal conductivity of an anisotropic
thermosetting composite has been measured during its cure using a guarded
hot plate. The transverse thermal conductivity was measured using varying
fiber volume fractions, ply layup angles and initial degrees of cure. The
longitudinal thermal conductivity was measured using varying fiber volume
fractions and utilized a unique manufacturing method to create the samples.
The thermal conductivity of laminates with fibers oriented at various angles
to the temperature gradient was also measured. Laminates with
unidirectional fibers at an angle, fibers in a ±e configuration and fibers in a
±O with 0O plies configuration were tested to explore the applicability of a
second order tensor transformation and the Classical Laminated Plate
Theory (CLPT) to their thermal conductivity using a unique testing
procedure. The possibility of a contact resistance between fiber and resin is
explored optically and chemically using a scanning electron microscope
(SEM). This contact resistance may be an important factor in determining
the thermal conductivity of a composite material.
Theoretical extensions to previous models have been completed to
help describe the unique experimental work completed in this thesis. Lord
Rayleigh's [62] model for the effective conductivity of a material with
cylinders arranged in rectangular order is modified to account for the
thermal contact resistance between fiber and resin and for the transversely
anisotropic thermal behavior of fiber-reinforced composites. A new SCS
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model is derived for the effective transverse thermal conductivity of a fiber-
reinforced composite that has the ability to represent the very important
percolation effect. The method is also used to derive upper and lower
bounds for the effective conductivity of a fiber-reinforced composite. The
derivation of the model proceeds analogously to that completed by Hashin
[70] for spherical particles. Finally, energy balances are used to show the
effects of fiber rotation and internal heat generation on the thermal
conductivity of an anisotropic thermosetting composite.
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Chapter 3
Resin Cure Kinetics
3.1 Chapter Purpose and Overview
The purpose of this chapter is to describe the cure kinetics of
AS4/3501-6 graphite/epoxy and 3501-6 neat resin. The experimental setup
which utilized the differential scanning calorimeter (DSC) is described first.
Experimental measurements of the heat of reaction and the degree of cure
vs. cure time at a constant temperature are presented for the neat and the
fiber-reinforced resin. An empirical model for the degree of cure was
formulated from this data. A semi-empirical model using a variation of peak
exothermic temperature method is described and was also used to model the
degree of cure. The empirical model, semi-empirical model and a model
derived by Loos and Springer [3, 4, 34] are then compared to the
experimental data for degree of cure vs. cure time at a constant
temperature. Finally, measurements of the glass transition temperature as
well as the energy of transition are given for a 50% cured graphite/epoxy
sample. All the experimental data presented in this chapter is listed in
Appendix C.3.
3.2 Experimental Setup
A Perkin-Elmer DSC-7 was used to obtain all experimental data
presented in this chapter. The DSC-7 is a power compensated DSC that was
always used in its "temperature scan" mode for these experiments.
Wendlandt and Gallagher [102] provide a complete description on the DSC
operation. A brief summary of their description is given in this section.
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The DSC-7 is a power compensated calorimeter that has a maximum
temperature range extending beyond 7000 C. Figure 3.1 shows the
important components of the DSC-7. In the cell, each sample and reference
holder consists of a supported cup, a platinum-wire resistance temperature
sensor and a platinum-wire heater. All structural parts of each holder are
welded together and the holder is thermally insulated. The sample is sealed
in an aluminum pan while the reference is in an identically sealed empty
aluminum pan. Both pans are sealed in their respective holders for the
duration of each temperature scan.
The temperature scan mode (dynamic scan) is used to determine the
heat of reaction, degree of cure and glass transition of the graphite/resin and
neat resin samples. In the dynamic mode, the operator specifies a starting
and ending temperature as well as a scan rate in OC/minute. The DSC then
maintains the sample temperature equal to the reference temperature both
of which are scanning at the programmed scan rate. The DSC accomplishes
this by supplying heat to the sample or reference material as necessary
when a sample exothermic or endothermic reaction occurs. The amount of
heat necessary to maintain this isothermal condition is recorded as a
function of temperature (time). A typical scan of an uncured graphite/epoxy
specimen is shown in Figure 3.2 (exothermic reaction is negative on this
scale). Note that when the temperature scan reaches 3000C the AS4/3501-6
graphite/epoxy is fully cured and any further temperature increase will only
burn the sample.
The DSC-7 contains two control loops. One is the average-
temperature control and the other is the differential-temperature control.
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The DSC contains two control loops:
1. Average-temperature control that responds to the desired temperature programmed.
2. Differential-temperature control that maintains an isothermal condition
between the two Holders.
Sample Holder
(Graphite/Epoxy)
Reference Holder
(Empty)
Figure 3.1 Diagram of the important components of the DSC-7.
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Typical DSC scan of an uncured graphite/epoxy specimen.
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In the average-temperature control loop an electrical output signal
proportional to the desired temperature of the two holders (scan rate) is
compared to the average signal of the platinum resistance thermometers
embedded below the sample and reference holders. The necessary power
required to maintain the specified scan rate is supplied equally to both
heaters. In the differential-temperature control loop the signals
representing reference and sample temperatures are compared. Power is
then supplied to the reference or sample heater as necessary to correct any
temperature difference. The supplied power is then recorded as either an
endothermic or exothermic reaction of the sample depending on whether the
power was supplied to the sample or the reference holder respectively.
Therefore, the energy necessary to maintain the sample at the programmed
scan rate is measured.
The accuracy using this temperature scan method is generally very
good. Wendlandt and Gallagher [102] find accuracies of least 1% to be
achievable. Prior to all tests using the DSC, a baseline was established
using two empty aluminum sample pans and the instrument was calibrated
using an indium sample. The estimated accuracy of this experimental
procedure is 3.4% which is depicted in all figures by error bars on the
experimental data. This is a conservative result based on this author's prior
inexperience operating the DSC.
3.3 Resin Heat of Reaction
The resin heat of reaction (Hr) is the energy evolved as a complete
cure (or crosslinking) is attained. For the purpose of this thesis the heat of
reaction is the energy available in the resin after it has been B-staged
(slightly cured for handling purposes) by the manufacturer. The heat of
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reaction was measured for neat resin (3501-6) and fiber-reinforced resin
(AS4/3501-6).
As previously mentioned, a dynamic (temperature scan mode) DSC
scan was used for all experiments in this section. It is therefore reasonable
to believe that a thermal lag (dependent on the material diffusivity, mass
and shape) may create varying measurements of the heat of reaction at
different scan rates. Figure 3.3 shows that the heat of reaction does
increase as the scan rate decreases. As the scan rate decreases the
measured heat of reaction increases 22% between the scan rates of
80 0C/minute and 2.5 0C/minute. The solution to this problem was to choose a
convenient scan rate (20 0C/minute was chosen) and to maintain similar
mass (5-15 mg sample sizes) and shape (= cubic samples) for all tests. The
chosen scan rate is a tradeoff between the accuracy of a low scan rate and
the speed of a high scan rate.
The heat of reaction of AS4/3501-6 prepreg and 3501-6 neat resin was
measured at a scan rate of 20 0C/minute in the DSC. The measured heat of
reaction for the prepreg is Hr=15 6 .4±4 .4 (J/g composite) which for a 37%
mass fraction of resin equates to Hr=42 2 .6 ±11.9 (J/g resin). The measured
heat of reaction of the neat resin is Hr=4 2 6 .8±17.0 (J/g resin). This suggests
that the fibers may have little influence on the degree of cure the resin may
obtain, however, it will be shown later in this chapter that the impregnated
fibers will decrease the rate of reaction of the resin.
3.4 Resin Degree of Cure
Previous researchers have defined the degree of cure (equivalent to
the degree of chemical crosslinking) of a thermosetting resin such as 3501-6
to be proportional to its current amount of heat generation at any point
-46-
40 60
Scan Rate (OC/minute)
Figure 3.3 Prepreg heat of reaction vs. the scan rate.
-47-
190
180
E
0
"1
170
160
150
140
0
{ {
I1 1 11~1 1 1 1 I
20 80 100
during the cure relative to its heat of reaction [103-105]. Therefore, the
resin degree of cure (a) is defined as,
a H(t)
H, (3.1)
where H(t) is the evolved heat measured by the DSC from the beginning of
the reaction to some intermediate time. Once again, a scan rate of
20 0C/minute was used to measure H(t) and Hr. The rate of heat generation
due to the chemical reactions is defined as,
da
q=pco d Hr (3.2)dt
where Pcomp is the density of the composite which is multiplied by the
reaction rate and the total heat of reaction of the composite material.
To determine the resin and prepreg degree of cure as a function of
time and temperature, samples (5-15mg) were cured in a temperature
controlled oven. The samples were cured at a constant temperature for
varying amounts of time. No multiple-temperature cures were performed.
Figures 3.4-3.5 show the experimentally obtained 3501-6 neat resin
degree of cure vs. time at various constant temperatures. Curves are
included to help group the data only; no curve fitting equations were derived
for the neat resin data. A large amount of scatter occurred for these tests at
some of the temperatures. The reason for this is unknown other than to say
that the neat resin is very sensitive to handling and processing conditions
and thus small amounts of moisture or other undesired inclusions may have
a dramatic effect on the resin cure rate. Neat resin was not used for further
testing.
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Figure 3.4 Experimental resin degree of cure vs. time at constant
temperatures.
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Figure 3.5 Experimental resin degree of cure vs. time at constant
temperatures.
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Figures 3.6-3.11 show the experimentally obtained AS4/3501-6
prepreg degree of cure vs. time at various constant temperatures. The
experimental degree of cure values for the prepreg were found to closely
follow an exponential fit. The high correlation factor for each isothermal
cure curve fit proves this fact. The exponential curve fits obtained by the
Abelbeck Software package Kaleidagraph T M are given for each cure
temperature on the appropriate figure. Figures 3.12-3.13 group the data of
Figure 3.6-3.11 and show that a range of temperatures may be used to
achieve a complete cure for this graphite/epoxy prepreg. Knowledge such as
this can be extremely valuable for designing cure cycles to minimize defects
or cost.
Pre-exponential (B) and time (r) constants were determined as a
function of temperature from the curve fits of Figures 3.6-3.11. The curve
fits of these constants are shown in Figures 3.14-3.15. Once again, the
correlation factors are very high for these curve fits. The resulting equation
for the prepreg (resin mass fraction=37%) degree of cure is,
a= (-81.4+0.533*T-0.00115*T 2 +8.33x10-7*T 3 1-exp-)) (3.3)
with zr= 2.75x107*exp(-0.0323*T)
where T is the cure temperature in Kelvin and t is the time of cure in
minutes. This equation will be referred to as the empirical model for
prepreg degree of cure in the following sections. The equation was derived
for constant values of cure temperature between 114°C-190C and cure
times up to 3 hours.
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Figure 3.6 Experimental prepreg degree of cure vs. time -
Temperature=1900 C
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Figure 3.7 Experimental prepreg degree of cure vs. time -
Temperature=178'C.
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Figure 3.8 Experimental prepreg degree of cure vs. time -
Temperature=162°C.
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Figure 3.9 Experimental prepreg degree of cure vs. time -
Temperature=150C.
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Figure 3.10 Experimental prepreg degree of cure vs. time -
Temperature=134C.
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Figure 3.11 Experimental prepreg degree of cure vs. time -
Temperature=1 14C.
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Figure 3.12 Experimental prepreg degree of cure vs. time - at various
constant temperatures.
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Figure 3.13 Experimental prepreg degree of cure vs. time - at various
constant temperatures.
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Figure 3.14 Pre-Exponential B constant vs. the cure temperatures of
Figures 3.6-3.11.
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Figure 3.15 Time constant Tau vs. the cure temperatures of Figures 3.6-
3.11.
-61-
__
I .. I , ., I . . .= I
3.5 Variation of Peak Exothermic Temperature Model
Previous authors have used a combination of isothermal and dynamic
scans to derive empirical equations for a thermosetting resin degree of cure
[3, 4, 34]. Typically, two Arrhenius rate equations are used to model the
degree of cure vs. time and temperature for this method. One equation is
generally valid for 0 < a 5 0.3 and the other for 0.3 < a 5 1.0. This method
requires an extensive amount of experimental work and Prime [35] also
explains accuracy problems of this method because various baseline scans
are necessary for the dynamic and isothermal scans. The various baselines
are difficult to correlate. Prime suggests an alternative method that he
claims is at least as accurate as the previous method and requires only a few
dynamic scans at various scan rates. The following paragraphs paraphrase
the derivation of the method proposed by Prime [35].
Prime's hypothesis is that the peak exothermic temperature (Tp)
varies in a predictable manner with scan rate (SR) for samples of similar
diffusivity, mass and shape. An example of the peak exothermic
temperature is shown in Figure 3.2 where a Tp=250.4"C at a scan rate of
20 0C/minute was measured. The method has been proven reliable for many
materials by Duswalt [23] and is based on work first completed by Ozawa
[100, 101]. The generic form of the reaction rate is,
da% = f(a)*A*exp(-E/R*T) (3.4)
where A is the frequency factor (s-1), E is the activation energy (J/mole
composite), R is the universal gas constant (8.314 J/mole*K) and T is the
cure temperature in Kelvin. The method of Prime determines the activation
energy and then the frequency factor. The reaction rate for 3501-6 resin will
be approximated as lst-order and therefore:
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f(a)= (1- a)
Prime shows that based on the work of Ozawa [100, 101] and tabulations of
Doyle [99] the activation energy is approximately,
-R Aln(SR)E (3.6)
1.052 & IV P
where Tp is in Kelvin and the scan rate (SR) is in OC/minute. Kissinger [33]
derived a useful equation for 1st-order reactions:
_(SR)* E*exp[E/*T](3.7)
R*TP
Prime finds an accuracy of 10% achievable for these values.
Figure 3.16 shows the peak exothermic temperature measured
experimentally at scan rates 2.5 0C/minute - 80 0C/minute for AS4/3501-6
prepreg. The peak exothermic temperatures were converted into Kelvin and
then used to find the activation energy and frequency factor using Equations
3.6 and 3.7. The calculated values are E=6.97x104 J/mole composite and
A=9.80x104 s-1. Thus, the variation of peak exothermic temperature model
(VOPET) is,
da= 9.80xl4*exp[- 838/T]*(1- a) (3.8)dt
where T is the cure temperature in Kelvin, a is the degree of cure and da/dt
is the cure rate (s-1). This equation can be integrated to obtain the resin
degree of cure when the temperature history of the cure cycle is known.
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Figure 3.16 Experimentally measured peak exothermic temperature (Tp)
vs. the scan rate.
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The empirical model (Equation 3.3), the VOPET model (Equation 3.8)
and the model of Springer and Loos [3, 4, 34] are now compared to the
experimental data presented in Figures 3.6-3.11. Figures 3.17-3.22 show
the results of this comparison. It is seen that none of the models reliably
predict the degree of cure within the experimental error of the test. It was
also seen that the exponential curve fits of Figure 3.6-3.11 can at times be
an unreliable prediction of the degree of cure. However, it is seen that the
VOPET and empirical model work best above 150C00 (3020 F) whereas the
Springer and Loos model works best below 1500 C. A kink is seen in the
numerical data of Springer/Loos in Figure 3.22 which occurs because the
asymptotes of their two equations are not equal at a=0.3.
It is concluded that the proposed VOPET model predicts the resin
degree of cure well for a cure temperature above 150C00 but tends to under
predict the degree of cure below this temperature. This may not be a critical
flaw because generally the goal is to determine when the resin is fully cured
which usually occurs above 150C00. Figure 3.23 shows how the VOPET
model can be used to predict the resin degree of cure during a typical cure
cycle for AS4/3501-6 graphite/epoxy. It is seen that during the resin flow
stage (T=2400F) the resin degree of cure stays well below the gel point
(a=0.5) and that within a half hour of the cycle reaching the cure stage
(T=3500 F) the resin is completely cured. In practice, the prepreg degree of
cure is only a=0.96 at the end of this cure cycle. All of the tested models
tend to overpredict the degree of cure in the range 0.95 < a 5 1.0. The
conclusion is that all of these models that claim to represent the chemistry
of the resin cure reaction should be used with caution when accurate results
are desired.
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Figure 3.17 Degree of cure - Models vs. Experimental at cure
Temperature=1900 0
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Figure 3.18 Degree of cure - Models vs. Experimental at cure
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Figure 3.19 Degree of cure - Models vs. Experimental at cure
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Figure 3.20 Degree of cure - Models vs. Experimental at cure
Temperature=150C
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Figure 3.21 Degree of cure - Models vs. Experimental at cure
Temperature=1340 C
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Figure 3.22 Degree of cure - Models vs. Experimental at cure
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Figure 3.23 Typical cure cycle for AS4/3501-6 graphite/epoxy and the
computed degree of cure using the VOPET model.
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3.6 Resin Glass Transition Temperature
The glass transition temperature (T ) of the epoxy is defined as the
temperature when the solid epoxy becomes a liquid upon heating. Previous
authors have found that this transition is an endothermic phase
transformation that occurs at varying temperatures depending on the resin
degree of cure [106]. Figure 3.24 shows the measured glass transition of a
50% cured graphite/epoxy sample. The transition temperature is at
approximately 60-700C and the endothermic reaction energy (endothermic is
positive on this scale) was measured by the DSC to be 0.15J/gC and at a
scan rate of 20 0C/minute this equals 0.05W/g. This Tg information will be
used when the thermal conductivity data for a 52% cured laminate is
presented in Chapter 8.
-73-
It.25
3.75
0 0.00 &.00 0.00 .00 150.00 10.00 210.00 2a.0
Date: Apr 11. 1992 2: 33pm Temperature (C)
Scanning Rate: 20.0 C/min
Sample Wt: 14.950 mg Path: a: \
s. sP PE PC SERIES SC7
Figure 3.24 Glass transition of a 50% cured specimen.
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Chapter 4
Heat Capacity
4.1 Chapter Purpose and Overview
The purpose of this chapter is to describe the heat capacity of
AS4/3501-6 graphite/epoxy. The heat capacity of a body is the amount of
heat energy necessary to raise the temperature of a body by 1 degree.
Measurement of the heat capacity per unit mass (specific heat) and the
density of the graphite/epoxy are presented in this chapter. The specific
heat experimental setup which utilized the DSC is described first.
Experimental measurements of the specific heat are presented for the
graphite and epoxy as well as for the graphite/epoxy prepreg. Finally,
experimental measurements of the density are presented as a function of
degree of cure for the 3501-6 resin. All experimental data presented in this
chapter is listed in Appendix C.2.
4.2 Experimental Setup and Theory for the Specific Heat
The Perkin-Elmer DSC-7 was used to obtain the experimental specific
heat measurements. The DSC-7 was used in its "specific heat" mode for this
experiment. The mode consists of three stages:
1. An isothermal hold at the initial temperature (3000C was used for 1
minute).
2. A linear temperature program (a scan rate of 20*C/minute was
used) from the initial to the final temperature.
3. An isothermal hold at the final temperature (33000 was used for 1
minute).
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When the sample is subjected to this linear temperature program (shown in
Figure 4.1) its instantaneous specific heat is proportional to the heat flow
rate. O'Neill [107] provides a complete description of the DSC operating in
this specific heat mode. A brief summary of his description is given in this
section.
As with the cure kinetics measurements (see Section 3.2) a sample
and reference holder were temperature controlled using the average-
temperature and the differential-temperature control loops. The differential
power is measured and recorded as the sample heat flow rate as a function
of temperature. The first step is to establish a baseline using two empty
aluminum sample pans and the scan mode described above. This procedure
is then repeated using a weighed (typically 5-15 mg) graphite/epoxy sample
that is sealed in the sample holder. The isothermal baselines are unaffected
and only serve to establish an equilibrium point. However, there is an offset
from the linear temperature program baseline due to the absorption of heat
by the sample as the average-temperature control loop maintains the
holders' temperature at the specified scan rate. Typical heat flow rates for
sapphire and graphite scans are shown in Figure 4.2.
The sample is entirely enclosed by the sample holder. After an initial
transient effect the entire sample temperature changes at the programmed
scan rate. The data recorded during this transient period is not used. The
heat flow rate into the sample is then given by,
dH
= mC, (SR)
dt (4.1)
where dH/dt is the heat flow rate (Watts), m is the sample mass (mg), Cp is
the specific heat (J/g0C) and SR is the programmed scan rate (OC/minute).
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Figure 4.1 The DSC-7 specific heat mode of operation used for these
experiments.
-77-
dH/dt
(W/mg)
graphite scan
sapphire scan
baseline
Time(minutes)
Figure 4.2 An illustration of typical measured heat flow rates for sapphire
and graphite samples.
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The ordinate calibration and the scan rate must be known with at least the
desired precision in order to calculate the specific heat using Equation 4.1.
These two inaccuracies can be eliminated from the calculation by using a
material with a known specific heat to calibrate the DSC. The specific heat
of synthetic sapphire has been determined to five significant figures [108]
and was used for these experiments. The sapphire specific heat is also listed
in Appendix C.2.
Figure 4.2 illustrates heat flow rates for graphite and sapphire
samples. At any temperature the following equations apply,
dT
Ky = mC d
(4.2)
dTKy- = mSCS - (4.3)
Sdt
where y and yS are the ordinate deflections (mm) due to graphite and the
sapphire, respectively, m and ms are the masses (mg) and K is the ordinate
calibration factor (W/mm). Dividing Equation 4.2 by Equation 4.3 to remove
the calibration factor and the scan rate and then rearranging gives:
S my' (4.4)
Therefore, the calculation of the sample specific heat requires only the
comparison of two ordinate deflections at the same temperature.
O'Neill [107] states the precision for this method to be about 1%.
Figure 4.3 illustrates the typical reproducibility of the specific heat
measurement using two 94% cured graphite/epoxy samples. O'Neill also
finds that if the DSC software is used to measure and compare the sample
and sapphire deflections the accuracy of the method is about 3%.
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Figure 4.3 Illustration of the typical reproducibility of the specific heat
measurement using two 94% cured graphite/epoxy samples.
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However, this software package, that is provided by Perkin-Elmer, was used
for a series of graphite/epoxy samples and erratic Cp measurements were
produced. Therefore, the procedure used for these tests was to scan the
sample and then the sapphire in the DSC using the same baseline and then
plot out their heat flow rates as a function of temperature as shown in
Figure 3.2. The deflections were then measured by hand at every 10 0 C for
each sample. The mass of the samples were also measured to the nearest
0.1 mg. The specific heat of the sample was then calculated using Equation
4.4 and the sapphire specific heat given in Appendix C.2. The estimated
accuracy of this experimental procedure if 5.8% which is depicted in all
figures by error bars on the experimental data.
4.3 Experimental Measurements of the Specific Heat
The specific heat of AS4 fiber, 3501-6 neat resin and AS4/3501-6
prepreg was measured as a function of temperature and resin degree of cure
using the experimental method of Section 4.2. The specific heat of the resin
was measured in the range of 0.325 5 a 0.921 and that of the prepreg in
the range of 0.161 < a 5 0.960. The AS4(-W) fiber tow has a thin coating of
resin (-1% by mass) applied by the manufacturer and therefore the fibers
were baked for two hours at cure temperature before their specific heat was
measured. The temperature range for these tests was approximately 300C <
T _ 180C (typical prepreg cure temperatures) although the fiber test
extended to 3000C.
Figure 4.4 shows the experimentally obtained values for the AS4
graphite fibers as well as the CRC value for the specific heat of graphite.
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Figure 4.4 Comparison of graphite specific heat values - experimentally
obtained and CRC reported.
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Note that a mass rule of mixtures has already been applied to negate the
effect the resin coating has on the experimentally measured fiber specific
heat. The graphite fiber specific heat is strongly temperature dependent,
increasing almost 50% through a temperature range of 2000C. Thus 50%
more energy is necessary to raise the temperature of the fiber at the cure
temperature than at room temperature. It is also seen that the slopes of the
current experimental Cp value and that of the CRC value are very nearly
the same. However, the difference between the two curves of about 55%
suggests that the Cp of graphite may also be very dependent on the
"graphitization" of different graphite samples. The geometric difference
between a loose bundle of graphite fibers (as in this experiment) and a block
of graphite may also have an effect on the measured Cp, however, this
possibility was not investigated.
Samples of 3501-6 neat resin (5-15 mg) were baked at constant
temperatures for varying amounts of time to achieve a range of measured
degrees of cure from 0.325 5 a 5 0.921. The specific heat of the samples was
experimentally measured and is shown in Figure 4.5 as a function of
temperature and degree of cure. Figure 4.5 shows that, in general the Cp of
the samples decrease with increasing degree of cure. This was also observed
by Mijovic [44] for samples of TGDDM/DDS neat resin. The figure also
shows that the Cp of samples of high degree of cure (a > 0.5) increase with
temperature while the opposite is true for samples of low degree of cure (a <
0.5). This effect was also explored using the AS4/3501-6 prepreg.
Samples of AS4/3501-6 prepreg (5-15 mg) were also baked to achieve
measured degrees of cure from 0.161 < a < 0.960. The specific heat of the
samples was experimentally measured and is shown at various degrees of
cure in Figures 4.6-4.10.
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Figure 4.5 Experimental measurements of neat resin specific heat at
various degrees of cure.
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Figure 4.6 Experimental measurement of prepreg specific heat - Degree of
Cure=0.957.
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Figure 4.7 Experimental measurement of prepreg specific heat - Degree of
Cure=0.941.
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Figure 4.8 Experimental measurement of prepreg specific heat - Degree of
Cure=0.921.
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Figure 4.9 Experimental measurement of prepreg specific heat - Degree of
Cure=0.866.
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Figure 4.10 Experimental measurement of prepreg specific heat - Degree of
Cure=0.732.
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Once again, the Cp of these prepreg samples of high degree cure increases
with temperature. The Cp data for each degree of cure was linearized,
resulting in high correlation factors, as shown on the figures. The slope of
the linear equations for the high degree of cure samples was averaged when
the data was plotted as a function of a. The ordinate intersect value (Y1)
was then determined as a function of temperature as shown in Figure 4.11.
The resulting empirical equation for the Cp of AS4/3501-6 prepreg (37%
resin by mass) with high degree of cure (a 2 0.5) is,
C = 0.968 + 6.00x10-3'*T-2.55*a (4.5)
where Cp is the prepreg specific heat (resin mass fraction = 37%) in J/goC, T
is the temperature in Kelvin and a is the nondimensional degree of cure.
Figure 4.12 shows the data of Figures 4.6-4.10 and that, once again, the
prepreg Cp decreases with increasing degree of cure, which is also predicted
by Equation 4.5.
The experimentally obtained specific heat for the prepreg of low
degree of cure is shown in Figures 4.13-4.15. Note that for these samples
the Cp decreases with increasing temperature. Figure 4.16 shows the data
of Figures 4.13-4.15 and that the Cp of the low degree of cure samples, once
again, decreases with increasing degree of cure. The Cp data of the low
degree of cure samples was also linearized with high correlation factors and
combined to form the following empirical equation,
C, =6.613-0.0115*T-(9.33-0.0197*T)*a (4.6)
where Cp (J/goC), T (Kelvin) and a are as previously defined for the prepreg
(resin mass fraction = 37%). This equation is valid for prepreg of low degree
of cure (a < 0.5).
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Ordinate intersect value as a function of temperature for the
high degree of cure prepreg samples.
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Figure 4.12 Experimental measurement of high degree of cure samples'
specific heat.
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Figure 4.13 Experimental measurement of prepreg specific heat - Degree of
Cure=0.436.
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Figure 4.14 Experimental measurement of prepreg specific heat - Degree of
Cure=0.355.
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Figure 4.15 Experimental measurement of prepreg specific heat - Degree of
Cure=0.161.
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Figure 4.16 Experimental measurement of low degree of cure samples'
specific heat.
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The conclusion that the specific heat of the resin increases with
temperature at high degrees of cure but decreases with temperature at low
degrees of cure may seem a bit odd. However, two facts may support this
conclusion. First, although Mijovic [44] does not mention the fact, his
published data (in his Figures 14,15) show a slight decrease in Cp with
increasing temperature for TGDDM/DDS epoxy of low degree of cure.
Second, it is known that the gel point of 3501-6 resin occurs at about 0.4 5 a
5 0.6. That is, the resin is a liquid below, say, a=0.5 (at the elevated
temperatures of these experiments) and is a solid above a=0.5. Therefore, it
is not surprising that the resin exhibits vastly different behavior in these
two states. In fact, the specific heat of all solids increases with temperature
and that of some liquids such as water (O0C < T 5 350 C) and mercury
decreases with temperature [109]. Therefore, the previous conclusion may
be valid but further research into the causes of this phenomenon would be
illuminating.
4.4 Experimental Measurements of the Density
Along with the specific heat, the density of the prepreg is also
necessary for the calculation of the heat capacity. A nominal value of
1.79g/cm 3 was supplied by the manufacturer for the density of the AS4
fibers. The density of the resin as a function of degree of cure was
experimentally measured at room temperature.
A specific gravity kit was used to measure the density of the neat
resin as a function of degree of cure. The density and degree of cure of ten
neat resin samples was measured as their cure progressed from 0% to 98%.
All density measurements were taken at room temperature (=21 0C) and are
shown in Figure 4.17 with the bars representing the 95% confidence range
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for the set of ten measurements at each degree of cure. The data (also listed
in Appendix C.2) show that at room temperature the resin density increases
from 1.26g/cm 3 to 1.30g/cm 3 upon reaching final cure at a=98%.
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Figure 4.17 Resin density at 210C as a function of degree of cure.
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Chapter 5
Manufacturing Processes
5.1 General Manufacturing Processes
The graphite/epoxy plates used in the thermal conductivity tests and
in the cure-temperature tests were manufactured with many variations for
many specific purposes. Processes for manufacturing graphite/epoxy
samples when specific, unique characteristics are desired, have been
designed using the cure kinetic theory presented earlier. However, some
common procedures were used for manufacturing all of the plates. These
general procedures as well as the facilities used for manufacturing the
laminates are described first with specific details given in Section 5.1 for
each manufactured laminate.
The Technology Laboratory for Advanced Composites (TELAC)
facility was used for manufacturing the graphite/epoxy laminates. With the
exception of the cure-temperature tests (described in Section 5.2) the
material used was AS4/3501-6 graphite/epoxy prepreg purchased from
Hercules Incorporated and stored below 320 F (00 C) in a sealed container
until manufactured. The AS4/3501-6 prepreg was used within 5 months of
its manufacture date, well within the recommended period. The cure-
temperature test used an IM7/8551-7A prepreg furnished by TELAC.
However, the-IM7/8551-7A prepreg was over 2 years old when it was cured.
Implications of this fact are discussed in Section 5.2. The IM7/8551-7A
prepreg was used for the cure-temperature test because it has thermal
properties similar to AS4/3501-6 and was available at no cost for this
material intensive test.
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Before layup, the prepreg roll was warmed to room temperature in its
plastic bag. This procedure prevents excessive moisture condensation on the
cold prepreg, that if trapped in the layup will cause void formation during
the cure. All laminates were laid up by hand (using surgical gloves) from
the rolls of 12 inch wide graphite/epoxy. Individual plies were cut using
steel templates (unique for each ply angle desired) and razor blades. The
plies were then laid on top of each other in the desired sequence and each
ply was compacted by hand using a metal straight edge. A square jig was
used to ensure that the plies were properly aligned. Care was taken to
remove any undesired particles from the plies and also that the desired
angle of rotation was achieved. However, this was only done by eyesight
and use of the square jig.
The layup room is temperature controlled (usually 70 0 F - 75 0 F) and
the relative humidity was generally near 50%. No lay-ups were performed if
the relative humidity was greater than 60%. This avoided unnecessary
water inclusion, and thus void formation, in the laminate.
All laminates were cured using either a net-resin cure or a bleed-resin
cure. The goal of a net-resin cure is to retain all (within 5% is practical) of
the resin within the original prepreg during its cure. On the other hand, the
bleed-resin cure allows a desired portion of the resin to leave the prepreg
during its cure.
A cross-section of the net-resin assembly of prepreg and other
materials is shown in Figure 5.1. Note that the laminate with aluminum
caul plate is completely sealed in nonporous Teflon using flash tape.
Breather strips (1 inch wide strips of fiberglass air breather) are used to
prevent breaking this seal when the vacuum is applied to the assembly.
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1. 3/8 inch aluminum base plate, double coated with Mold
Wiz F-57
2. Guaranteed Non-porous Teflon, TCFG-EHV, .003 inch
thick, premium
3. 1/4" x 1" Aluminum dam
4. Graphite/Epoxy laminate
5. Aluminum top plate, 1/4" thick, double coated with
Freekote 700-NC
6. Breather strips made of fiberglass air breather (Two 1 inch
strips on each edge)
7. Porous Teflon, TCGF, .001 inch thick, premium
8. Fiberglass air breather, #7781 with volan finish
9. Vacuum tape
10. Vacuum bagging, HS-6262 nylon
Figure 5.1 Net-resin cure assembly.
-102-
The breather strips also prevent leakage of resin from the laminate during
cure (usually less than 5% lost). Figure 5.2a shows the placement of the
breather strips before the cure. The dark areas of Figure 5.2b illustrate how
some resin has leaked from the laminate during the cure. However, less
than 5% of the initial resin is lost because the breather strips eventually clog
with cured resin and then prevent further leakage.
A cross-section of the bleed-resin assembly of prepreg and other
materials is shown in Figure 5.3. Note that in this layup bleeder paper is
encapsulated with the laminate and caul plate. The bleeder paper is a
porous material that accepts and holds the excess resin that leaves the
laminate during cure.
Both cure assemblies were done on a 3/8 inch aluminum curing plate.
As shown in Figure 5.2a aluminum plates were placed snugly around the
laminate and taped in place using cork tape. This ensures square laminate
edges and helps to contain the resin during cure. An aluminum plate,
fabricated of 1/2 inch aluminum, is placed on top of the laminate to
distribute the applied pressure and to ensure uniform thickness. It was
found that for thick laminates (36 plies or more) aluminum dams were
necessary on all sides of the laminate to prevent the top plate from shifting
during the cure. Further details of cure standards are given in Lagace [1101.
All laminates were cured in a TELAC supplied Baron-Blakeslee (3
feet wide by 5 feet long) autoclave. A picture of the autoclave is shown in
Figure 5.4. The autoclave is equipped with two heaters (only the 12 kW was
used), a coolant system, a blower for uniform air circulation, a
pressurization capable of over 100 psi, multiple vacuum ports and
thermocouple connection slots. All laminates were laid on the aluminum
caul plate, with vacuum port, that rolls into the autoclave.
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Figure 5.2a Cure assembly using the breather strips for a net-resin cure.
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Figure 5.2b Resin leakage (8 dark spots) shown after the cure.
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1. 3/8 inch aluminum base plate, double coated with Mold Wiz F-57
2. Guaranteed Non-porous Teflon, TCFG-EHV,.003 inch thick, premium
3. 1/4" x 1" Aluminum dam
4. Graphite/Epoxy laminate
5. Peel Ply, 52006 yellow
6. Bleeder Paper
7. Porous Teflon, TCGF, .001 inch thick, premium
8. Aluminum top plate, 1/4" thick, double coated with Freekote 700-NC
9. Fiberglass air breather, #7781 with volan finish
10. Vacuum Tape
11. Vacuum bagging, HS-6262 nylon
Figure 5.3 Bleed-resin cure assembly.
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Figure 5.4 Baron-Blakeslee autoclave used for curing all laminates.
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When necessary, a separate oven was used after the autoclave cure to obtain
a "fully" cross linked specimen in a procedure known as the post cure.
Each cured laminate was cut to its desired shape using a water-cooled
diamond grit cutting wheel. A milling machine with an attachment for this
wheel was used to ensure straight cuts and desired angles. A cutting speed
of 3.6 inches/minute was used for all of the 36 ply laminates. Care was
taken not to damage the surface of any plates during this procedure.
All plates were measured for thickness before being tested. The "full
plate" thickness was measured in 9 places while the "partial plates" were
measured in 11 places. The partial plates' width and length were also
measured. The thickness was measured using a micrometer and the width
using a caliper. The location of these measurements are shown in Figure
5.5. An average measurement was used for each plate dimension (given in
Appendix C.1) in the thermal conductivity tests.
5.2 Cure-Temperature Test
Two laminates (0.75 inches thick) were cured first to measure the
temperature distributions within a thick graphite/epoxy laminate during its
cure. Both laminates were made of 128 plies of the IM7/8551-7A prepreg.
The purpose of these tests was threefold. First, the effects of any exothermic
reactions in a "thick" laminate that cause a temperature overshoot within
the laminate were measured. Second, the heat transfer characteristics of
the autoclave using a standard cure layup were documented. Finally, a
conservative cure cycle was compared to a more aggressive cycle for these
"thick" laminates. The aggressive cure cycle is composed of a resin-flow
stage (T=2400 F) and a resin-cure stage (T=3500 F).
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Figure 5.5 Measurement locations of both the Full-Plate and the Partial-
Plate. More thickness measurements were taken of the
Partial-Plates due to greater variances.
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The conservative cycle includes an additional stage at T=3000F to reduce the
chemical energy available from the resin at the resin-cure stage. The
conservative cycle takes 2 hours longer than the aggressive cycle. The goal
was to design a cure cycle for the moderately thick, 36 ply, laminates to be
manufactured for the thermal conductivity tests.
The net-resin assembly was used for these two cures. However, 1
inch square aluminum dams were used on only three and a half sides of the
laminates. The other half side was left exposed so that thermocouple wires
could be run out of the laminate, through the vacuum tape and connected to
the ports inside of the autoclave. Iron/constantan thermocouples were used
for this test. The thermocouple insulation was stripped so that only bare
wire was placed inside of the laminate and run through the vacuum tape.
This procedure minimizes thermocouple influence inside of the laminate and
gives best adherence to the vacuum tape. The stripped wires of all
thermocouples were not allowed to touch each other. The insulation was left
on outside of the cure setup. Figure 5.6 shows the final layup configuration
just before the cure. Figure 5.7 shows the dimension of laminates and the
location of the thermocouples within each laminate. The final cured
thickness of each laminate was approximately 3/4 inches.
Figures 5.8-5.9 show the temperature distributions within each
laminate during its cure. It was found that the temperature at the bottom of
the laminate responds more quickly to ambient temperature changes than
does the temperature at the top of the laminate. The middle of the laminate
is always the last to respond to ambient temperature changes. It is seen in
Figures 5.8,9 that the middle of the laminate experiences a temperature
overshoot at the end of an ambient temperature ramp.
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Figure 5.6 Final layup configuration of a [0112 8 laminate just before its
cure. Note the four thermocouple wires extending from the
structure which were run through the vacuum tape before cure.
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Figure 5.7 Position and labeling of the thermocouples between two [0]64
laminates. Thermocouples are not drawn to scale.
-112-
Temperature(°F)
400
350
300
250 middl
a200 mbient200
150
100
0 100 200 300 400 500 600
Time(minutes)
Figure 5.8 Temperature readings for the more conservative cure cycle.
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Figure 5.9 Temperature readings for the more aggressive cure cycle.
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This temperature overshoot occurs when a thick laminate is unable to
conduct excess energy to its surroundings from the ongoing exothermic
chemical reactions. For even thicker laminates or other prepreg materials
these temperature overshoots have been found to degrade the quality of the
laminate [491. The temperature gradients within the laminate are also
undesirable because they cause unwanted thermal stresses in the finished
laminate.
The maximum temperature overshoot in the conservative cycle was
170 C while that in the aggressive cycle was 90 C. However, it is usually
desirable to have the overshoot occur at the lower temperature of the
conservative cycle because less damage is done to the resin than at the
higher temperature overshoots. Based on previous experiences a larger
temperature overshoot was expected for these tests [29, 44, 49]. It is
believed that this IM7/8551-7A prepreg was partially cross linked at the
time of cure due to its extended "shelf' life after manufacture (2 years +). A
partially cured laminate will have less energy available for any temperature
overshoots. However, for any given prepreg these temperature overshoots
and gradients can be predicted before cure based on its measured cure
kinetics and thermal properties. The most aggressive cure cycle should be
chosen that avoids these temperature overshoots and gradients, to minimize
cost.
The more aggressive temperature cycle was chosen for the curing of
the 36 ply laminates used for the thermal conductivity tests. However, the
pressure and vacuum cycles were modified as described in Section 5.3. The
IM7/8551-7A material was not used for any future testing.
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5.3 Specific Manufacturing Processes
The specific processes used for manufacturing the laminates plates
have been grouped into five categories. The categories have been further
subdivided based on small procedural variations. All plates discussed in
this section were used for the thermal conductivity tests and are listed in
Appendix C.1. This appendix contains the manufacturing code given in this
section as well as each plate number that is referenced in Chapters 7 and 8
when data is plotted for a plate. Therefore, Appendix C.1 should be used to
connect the manufacturing information of this section to the plotted data of
Chapters 7 and 8.
The five manufacturing categories with subdivisions are shown in
Table 5.1. The rationale behind these categories should first be given. The
plates in categories M, L and H are all approximately 5 inches by 5 inches
(except -FL, -PL where noted). This size plate is deemed "full size" because
it the design size for the thermal conductivity tests. Deviations from this
"full size" plate are only due to manufacturing constraints which are
discussed later in this section. The SR-plate category contains all of the
"partial size" plates. This category is further subdivided by the fiber volume
fractions. A full length (-FL) SR-plate is approximately 1 inch wide by 5
inches long. A partial length (-PL) SR-plate is approximately 1 inch wide by
3.8 inches long. The reasons for these lengths are given in Chapter 7. The
R category contains all of the neat resin plates. These resin plates are
approximately 1 inch wide by 5 inches long and have been cured to varying
degrees.
The subdivisions of the categories were chosen to fully group all of the
plates. The measured dimension, degree of cure and fiber volume fraction
each plate are given in Appendix C.1.
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Name Process Description
M Medium fiber volume fraction (,0.57) (5"x5" plate)
M-NP No Post cure - degree of cures=0.96
M-FP Full Post cure - degree of curesuO.98
M-FP' With grooves for thermocouples
M-FP-FL Partial Plate - Full Length
M-FP-PL Partial Plate - Partial Length
M-PC Partial Cure - dearee of cure%0.536
L Low fiber volume fraction (sa0.45) (5"x5" plate)
L-NP No Post cure - degree of cureftO.96
L-FP Full Post Cure - dearee of cures O.98
H High fiber volume fraction (*sO.64) (5"x5" plate)
H-NP No Post cure - degree of curerw.96
H-FP Full Post cure - degree of cureO.98
SR Sliced and Rotated partial plate - ALL Full Post cure
SR-L-FL Low fiber volume fraction - Full Length
SR-M-FL Medium fiber volume fraction - Full Length
SR-M-PL Medium fiber volume fraction - Partial Length
SR-H-FL High fiber volume fraction - Full Length
R Resin Cure - Partial Length - variable cure
R-PC-FL Partial Cure - degree of curemO.803
R-NP-FL No Post cure - degree of curemsO.96
R-FP-FL Full Post cure - degree of cures0.98
Table 5.1 The five manufacturing categories with subdivisions. This
table is also given in Appendix C.1.
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Each plate's degree of cure is labeled as a No Post Cure (-NP), Full Post (-
FP) or some intermediate value (-PC). The No Post cure plates were near
96% cured while the Full Post cure plates were 98% cured. Any other
partial cures are noted. The procedure for calculating each plate's degree of
cure is given in Chapter 3.
Each plate's fiber volume fraction is labeled as Low (-L), Medium (-M)
or High (-H). The procedure for calculating each plate's fiber volume
fraction is given in Appendix E. The Vf group values are:
High Vf= 0.64
Medium Vf = 0.57
Low Vf= 0.45
The medium fiber volume fraction plates (M or -M) were
manufactured using the net-resin cure assembly. The M-plates were laid
up directly from the AS4/3501-6 prepreg with a precure Vf0.55. The M-
plate cure cycle is shown in Figure 5.10. The cure cycle was designed to give
a 96% (-NP) cured laminate after the autoclave cure and 98% (-FP) cured
after the post cure. The design Vf was less than 60% which was generally
achieved. The plateau at 2400Fwith gradually increasing pressure was
designed for ply compaction and void degassing with minimal resin loss.
The cure temperature for 3501-6 resin is 350F which was always used.
Three deviations from the M-plate procedure were used. A partial
cure (-PC) of a=0.536 was designed using the cure kinetics equations of
Chapter 3. This cure cycle is shown in Figure 5.11. This net-resin cure was
designed to give plates 50% cured. The cycle produced 53.6% cured plates.
One M-plate with full post cure was grooved (-FP') for thermocouple
placement. The dimensions of these machined grooves are shown in Figure
5.12.
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Figure 5.10 Autoclave cure and post cure cycles.
-119-
T("F)
P(psi)
1 25
t(hours)
Cure Temperature
Cure Pressure
Vacuum=29 inches Hg throughout cycle
1'0 15 t(minute
No vacuum or additional pressure
Figure 5.11 Autoclave cure and post cure cycles.
-120-
T("F) T("F)
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Figure 5.12 Graphite/epoxy laminates with grooves on top and bottom
surfaces for thermocouples. Thermal grease was then placed in
the grooves to fill in the space.
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Some of the M- and FP-plates were shortened (FL, PL as previously defined)
for comparison to the Sliced and Rotated (-FL, -PL) plates.
The low fiber volume fraction plates (L or -L) were manufactured
using the net-resin cure assembly. Before cure 260 grams of frozen 3501-6
neat resin was crushed and evenly spread over each of the 36 plies. The
plies were then laid up in the usual manner. The L-plate cure cycle (same
as M-plate) is shown in Figure 5.10. The design Vffor this procedure was
45%. A fiber volume fraction of 45% was achieved.
The high fiber volume fraction plates (H or -H) were manufactured
using the bleed-resin cure assembly. Thirty pieces of bleeder paper were
used for this cure. The H-plates were laid up directly from the prepreg plies
with a precure Vf=55%. The H-plate cure cycle is shown in Figure 5.13.
This cure cycle was designed to give a Vp70%. The two measures taken to
give a high fiber volume fraction were the large amount of bleeder sheets
and the extra hour (2 hours total) at the resin flow stage (T=2401F). As
before, only the autoclave cycle was used for the -NP plates while the -FP
plates received the autoclave as well as the post cure cycle. A Vf64% was
achieved using these cycles. It has been shown by Gutowski [10-14] that
only a very large increase in pressure will give a Vf higher than that
achieved here.
The Sliced and Rotated (-SR) plates were designed so that the
longitudinal as well as off-axis thermal conductivity could be measured. The
purpose of this procedure was to maintain a plate shape (thickness<<length,
width) to minimize edge effects in the conductivity tests. These edge effects
are discussed in Chapter 7. The slicing, rotating and bonding procedure is
shown in Figure 5.14 for a unidirectional plate.
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Autoclave cure and post cure cycles.
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/ C2. Rotate 900
1. Slice at 0.22 inches W
Figure 5.14 Illustration of the slicing, rotating and bonding procedure. This
procedure gives a SR laminate approximately 1" wide.
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Note that this discussion uses a unidirectional plate as an example but that
±0 laminates were also constructed to study off-axis thermal conductivities.
Before slicing, each plate had been cured using the appropriate cure
cycle with 2 hours at 3500 F (a=0.96). Each plate was then sliced using the
water-cooled diamond grit blade. Each slice was cut to approximately 0.22
inches width to give a desired thickness of 0.2 inches for the final bonded
and sanded SR-plate. After cutting, each slice was cleaned and placed on its
side. Figure 5.15 illustrates how frozen 3501-6 neat resin was placed on the
slices. Each slice received 25-50 mg/inch of resin which was warmed to its
flow stage (T=2400 F, viscosity=10 poise) using a hot-air gun. The slices were
then rotated and pressed together one-by-one. Figure 5.16 shows how the
slices were C-clamped for their final post cure (8 hours at 3500 F).
Two lessons were learned from this experiment. First, to achieve a
reasonably flat and aligned final plate only 5 to 6 slices could be bonded and
cured together. Thus, plates of only approximately 1 inch width (-FL, -PL)
were achievable. Chapter 7 discusses the test method for these plates and
why they are superior to easily-manufactured thick slabs (not plates!)
generally used for longitudinal thermal conductivity measurements.
Secondly, graphite/epoxy laminates have a coefficient of thermal expansion
(CTE)longitudinal << CTEtransverse. This fact explains why the side plates
were used for clamping the specimen. Bulges between the C-clamps occur
when the side plates are not used. The top and bottom plates are used to
keep the slices properly aligned.
During the post cure any excess resin squeezed out from between the
slices as they expand. The bonding resin was measured to change the
original Vf by less than 1%. After curing, the excess resin was removed and
the plate faces were sanded smooth (with =1/4 hour sanding per side).
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SFrozen Neat Resin
Figure 5.15 Illustration of neat resin placed on the slices before they are
rotated and bonded.
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Graphite/Epoxy Side
Partial Plate
Figure 5.16 Illustration of the cure assembly for the Partial-Plate bond
cure. Arrows show position of pressure from three C-clamps.
Graphite/epoxy side, top and bottom plates were used to ensure
a flat and square Partial-Plate.
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At this point the dimensions of the SR-plate were measured and it was
ready for testing. The width of the -FL and -PL plates were measured as
well as the length of the -PL plates because they do not fully cover the 4 inch
diameter heat flux plate used to measure the thermal conductivity. Figure
5.17 shows a finished SR-plate compared to a full 5 inch by 5 inch plate.
The resin plates were manufactured using 3501-6 neat resin. Petri
dishes 6 inches in diameter, sprayed with Freekote 700-NC, were used as
the mold for the resin. The appropriate amount of crushed, frozen neat
resin for a 0.2 inch thick plate was first placed in the petri dish. The resin
was then warmed to its flow stage using a hot-air gun. Most of the large
voids were removed by cooling the bottom of the petri dish using a cold
aluminum plate while gently warming the top surface of the resin using the
hot-air gun. This created a large enough density gradient within the liquid
resin to force the air bubbles to the top surface where they popped. This
process lasted nearly ten minutes before most of the voids were removed and
the resin was near its gel stage. Also, using this procedure, the gel point of
the 3501-6 resin was observed to occur near a=0.5.
The final stage of the R-plate manufacturing process was to cure the
plates to its desired state. Figure 5.18 shows the cure cycles used to cure
two plates first to the -PC stage, then to the -NP stage and finally to the -FP
stage. The plate used for this series of tests was cut to -FL dimensions to
allow flat surfaces to be achieved with a reasonable amount of sanding.
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Figure 5.17 Dimension of the Full-Plate compared to the Partial-Plate.
Both plates have approximately the same thickness.
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Figure 5.18 Progression of the neat resin plate cure. At each stage the
plate's thermal conductivity, density and degree of cure were
measured.
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Chapter 6
Thermal Conductivity - Theory
6.1 Chapter Purpose and Overview
The purpose of this chapter is to present the relevant theory
necessary to explain the thermal conductivity of a thermosetting fiber-
reinforced composite during its cure. First, a self consistent scheme (SCS)
approximation is used to compute the best possible upper and lower bounds
of the transverse thermal conductivity when all that is known are the
materials' conductivities and their respective volume fractions. This method
also generates a family of conductivity curves between the two bounds,
which have the potential to model the "percolation" effect on the transverse
thermal conductivity. Second, a transverse thermal conductivity model
derived by Rayleigh [62] is modified to account for the possible effects of an
interfacial contact resistance between fiber and matrix. The Rayleigh model
is also used to calculate the transverse thermal conductivity when the
representative matrix element surrounding the typical fiber is rectangular
instead of square. An energy balance is then used to show the effect of resin
heat generation on the measured thermal conductivity of a thermosetting
composite. Finally, the second order tensor rotation of the principal thermal
conductivities is discussed and how it may be used for unidirectional
laminates of one rotated angle as well as multiple angled laminates with
many angles.
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6.2 Transverse Thermal Conductivity by the SCS Method
Various methods have been devised for the approximate
determination of macroscopic properties of a heterogeneous material
consisting of two or more phases. One of the most widely used methods is
the self consistent scheme approximation. The fundamental assumption of
this method is that a typical element of the heterogeneous material can be
thought of as being embedded in an effective homogeneous material which
has the volume averaged properties of the two constituent materials. The
effective property (ie, the averaged macroscopic conductivity) is calculated
using a far-field boundary condition, boundary conditions at the typical
element/effective material boundary and potential field equations defined for
each region. This SCS method has been used by Hashin [701 to derive a
family of conductivity curves giving the upper and lower bounds (previously
derived using a variational method [711), as well as the ability to represent
all conductivities in between these bounds, for a spherical particle embedded
in a matrix. As I have been unable to find the similar derivation in the
literature for a cylinder embedded in matrix I present one in this section.
The derivation finds the upper and lower bounds for the conductivity of a
fiber-reinforced composite given by Hashin [60] as well as a family of
conductivity curves that may represent the effect of a percolation threshold
on the thermal conductivity of the composite. This percolation effect will be
discussed later.
The goal of this method is to derive an equation that models the
effective thermal conductivity of a fiber-reinforced composite based on the
known fiber and resin conductivities as well as their volume fractions. It is
first necessary to solve for the effective conductivity in terms of the average
potential field inside of the fiber.
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First of all,
V + V =1 (6.1)
where V is the volume fraction for the fiber of the matrix when the subscript
f or m is used respectively. By defining the temperature field, T(x), as
continuous throughout the composite, the temperature field within the
material is related to the heat flux by using Fourier's Law,
S= KJ (6.2)
where 4 is the heat flux vector, K is the conductivity and j is the
temperature gradient vector,
1 = -VT (6.3)
For a statistically isotropic body, the effective material conductivity, Keff, is,
ix = KeffJx (6.4)
where the overbar denotes the volume average of the flux vector, and J" is
the applied homogeneous temperature gradient in the x-direction. Only a
one-dimensional temperature gradient is considered in this analysis.
Volume averaging the heat flux of the two materials gives,
= qlVf + Vm (6.5)
and since each material phase is itself homogeneous and transversely
isotropic,
"qf = Kj(f) (6.6)
qxm = Kmx
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and then substituting Equations 6.6 and 6.5 into Equation 6.4 gives,
Kff J = KVf 7 + KfV.f ) (6.7)
It is also true that the temperature gradient is homogeneous, and thus,
J. = J7
and therefore, (6.8)
JX = Y)Vf + Jm,,)V,
and then eliminating .Jm') from Equations 6.8 and 6.7 and using Equation
6.1 gives,
K, = Km + (K - K,)- V (6.9)
Equation 6.9 shows that when the conductivities of the materials as well as
their volume fractions are known, and a far-field temperature gradient (J7)
boundary condition is specified, all that remains unknown for the
calculation of the effective thermal conductivity is the average temperature
gradient (j(f)) within the fiber.
As Hashin did for spherical particles, it is now assumed that a typical
cylindrical fiber of radius a is embedded in a concentric matrix shell of an
unspecified radius b which is then embedded in an infinite body having an
effective conductivity, Keff. The problem is two-dimensional and Figure 6.1
depicts this setup along with its farfield boundary condition. The problem
must satisfy Laplace's equation in cylindrical coordinates,
V2T= 0 0 r a
V2T.=0 a r b
V2T - =0 b < r 5 o (6.10)
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Figure 6.1 Geometrical model for the self consistent scheme.
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where continuity at the material interfaces dictate the following boundary
conditions when perfect contact is assumed,
a. Atr=a Tf =T m
b. Kf T = K dl m
(6.11)
c. Atr=b Tm = T.
d. Km T m  KdTdr dr
where parts a and c of Equation 6.11 represent potential continuity and
parts b and d represent the continuity of the radial component of the heat
flux across the interface between two materials. Rayleigh [62] has used the
symmetry of this problem to show that the following potential fields are
sufficient to satisfy the boundary conditions of Equation 6.11,
a. Tf = A2 rcosqp
b. Tm =(Air + cos qp (6.12)
c. Tff =(-Jr + BO)cosqp
where the boundary condition at r=oo has already been applied to part c of
Equation 6.12.
Now, by plugging Equations 6.12 into Equations 6.11 four equations
and four unknowns are obtained,
-Jx- = A + 4 Bob b2
K x b 2 K+ b2
A1 + -A2 =0a2
A- - .K A=0
a2 K 2 (6.13)
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Once again, remembering that only the average temperature gradient
within the fiber is necessary and using part a of Equation 6.12,
Jr == 
-A2 cos OP
-1 =J 
-' = = A cos O,r d (6.14)
and by a vector transformation it is seen that,
J( / = -A, (6.15)
and thus A 2 is the important variable to be found from Equations 6.13.
Solving Equations 6.13 and with some algebraic manipulation it is found
that,
-4 Keff .K,A2  Km (6.16)
(1- p') + Kf (1+ p')+ Kff (1+ p'+ Kf (1- p')
K. K. K,
where,
a 2
p'= a (6.17)b2
and then using Equation 6.15 to eliminate the far-field boundary condition
from Equation 6.16 and substituting this result into Equation 6.9, and with
more algebra, gives,
~-= {4Vf(v- 1)+ 2p'(1- v)+ [(4V(1- v))2 +(2p'(v-1))2
Km
+ 2(4Vf (1- v))(2p'(v- 1))- 4(1+ (p+v(l- p')X('-1)- v(1 + p'))) (6.18)
/ 2(1 + p'+ v(l - p'))
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where,
V =n (6.19)Km
where Hashin [701 has shown that equations of this type always have a real
solution when:
1 v on
0 : p' < 1 (6.20)
The parameter p' represents the ratio of fiber to matrix volumes
(shown in Figure 6.1) that has yet to be specified. When p' is chosen as the
actual fiber volume fraction (V? the following equation is found from
Equation 6.18,
1 + ) + Vf 1)KK
S Km Km - (6.21)
which is the best possible lower bound, when the only geometrical
information known are the volume fractions of the fiber and the matrix,
found by Hashin [60] using a variational principle. The maximum p' that
can be chosen is 1. When p'=1 then the typical fiber has been directly
embedded in the effective material without a matrix shell and the following
equation results from Equation 6.18,
S Vfy(1-v)+ V V + (V+1) } (6.22)
Km 2 1 f f y2 I
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where:
y=(2v-2) (6.23)
Equation 6.22 is similar to the work of Hashin [70] previously completed for
spherical particles. By directly embedding a spherical particle into the
effective material Landauer [67] found an equation similar to Equation 6.22
as did Polder and Van Santen [68]. The current derivation extends this
method to cylindrical fibers.
Strictly speaking, only the material conductivities and their
respective volume fractions have been specified. To find the upper bound it
can be assumed that resin cylinders are surrounded by a fiber shell. The
entire derivation is then the same (with the indices switched) and an
equation similar to Equation 6.18 is found,
= {4Vm( 1 +2p 1 - +[ 4Vm (1- )+ (2p -1 +2*
4Vm 1- )2p 1) - 4(1+ p'+ (1 - p')X(p-1)-1 (1+ p')j ]} (6.24)
/2 1+p'1+-(1- p')
and thus when p' is chosen as the actual matrix volume fraction (Vm) the
following is obtained from Equation 6.24,
+ Im + Vm K 1
Kf K' Km _kJ 4K i (6.25)
which is the best possible upper bound, when the only geometrical
information known are the volume fractions of the fiber and the matrix,
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found by Hashin [60] using a variational principle. These bounds have been
shown to be the best possible when only the material conductivities and
their respective volume fractions have been specified [60].
Figure 6.2 shows the upper and lower bounds as well as Equation
6.22 plotted vs. the Vf for a hypothetical composite with v=5. It is seen that
Equation 6.22 always falls between the two bounds and tends to be the
flattest curve in the middle Vf region. Figure 6.3 shows the bounds and
Equation 6.22 plotted vs. the Vf for another hypothetical composite with
v=1000. This value of v is reasonable for the dielectric properties of
materials for which the current mathematics is also valid. This figure shows
a large discrepancy between the upper and lower bounds and Equation 6.22.
In particular, the upper bound predicts that the composite will be conductive
immediately at very low volume fractions whereas the lower bound predicts
the composite to be an insulator until a Vf0.9 is achieved. On the other
hand, Equation 6.22 predicts that the composite will become conductive at
an intermediate Vf which is known as the onset of percolation.
The percolation effect is defined as the dramatic increase in composite
conductivity at an intermediate fiber volume fraction due to a continuous
skeleton that forms between the particles as the Vf is increased. Extensive
research was done on the percolation effect and its initiation which is called
the percolation threshold in the 1960's for spherical and powdered materials
when semiconductor properties were being assessed. A review of the
percolation effect is given by Landauer [59]. For spherical particles
Landauer cites experimental evidence of the percolation threshold being in
the range of 15 to 17 percent Vf whereas the equation of Landauer [67] and
Polder and Van Santen [68] predict the threshold to occur at approximately
Vf0.33.
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No experimental data is presented by Landauer for the cylindrical problem
of embedded fibers. However, a statistical study conducted by Kirkpatrick
[83], utilizing two-dimensional square resistors randomly oriented in a
conductive material, calculates a percolation threshold near V/=0.50.
Gutowski [12] also finds that a finite load is required to compress typical
fibers in a laminate during processing beyond about Vf=0.56 (Gutowski's
Figure 4). This may suggest that the fibers begin to form a continuous
lattice near this fiber volume fraction. These previous results are very
encouraging because Figure 6.3 shows that Equation 6.22 predicts a
percolation threshold near Vf0.48. It should also be remembered that p'
can be chosen within the limits [60],
Vf < p' < 1 (6.26)
so that a p' other than 1 can be chosen if experimental data suggest a
different percolation threshold.
6.3 Modifications to the Rayleigh Transverse Thermal
Conductivity Model
Two important effects that may strongly influence the transverse
thermal conductivity of a fiber-reinforced composite have been
experimentally observed by other authors and in this research. First, Drzal
et. al. have observed and defined an interphase region around the
fiber/matrix interface that has different physical properties than that of the
bulk fiber and matrix materials [88-90]. This interphase region may be
caused by a fiber coating, fiber electrochemical treatment of due to poor
adhesion between the fiber and matrix. The effect such an interphase region
has on the conductivity was studied by Hasselman and Johnson [84] using a
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method first derived by Maxwell [61]. Second, in this research it has been
experimentally observed that the transverse thermal conductivity of cured
laminates varies with the ply layup angles at the same fiber volume fraction
and temperature. The experimental results are presented in Chapter 8
while Appendix E presents a microphotographic analysis proving
statistically that the representative matrix element around a fiber is in
general rectangular and not square as is normally assumed. In fact, it is
shown that the average aspect ratio of the rectangle varies with the ply
layup of the laminate. In other words, the transverse thermal conductivity
of crossply laminates has been experimentally shown to be higher than that
of a unidirectional laminate. My theory is that this results from the fibers of
the crossply laminate being closer to each other on average in the transverse
direction than the fibers of the unidirectional laminate at the same volume
fractions after the manufacturing process. This section shows how the
Rayleigh [62] model for transverse conductivity can be modified to account
for these two effects.
First of all most of the mathematics for the derivation of Rayleigh's
model are unnecessary for the current purpose and are not presented. Only
the equations which are necessary to describe the modifications are
presented, along with a verbal outline of Rayleigh's method. The Rayleigh
paper should be read for complete mathematical detail of his derivation for
the transverse conductivity of fibers arranged in a rectangular order. The
two key modifications are the inclusion of an interfacial contact conductance
and the laminate transverse thermal anisotropy due to uneven matrix
distribution around the typical fiber necessitating a rectangular matrix shell
model.
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First, the interfacial contact conductance is modeled. Figure 6.4a
shows the geometry of Rayleigh's setup. The applied temperature gradient
is in the x-direction. He takes the center of the P cylinder as the origin of
the polar coordinates and observes the symmetry of the problem about both
the x and the y axes so that,
T = A2r cos O
T, = (r + cos , (6.27)
r) (6.27)
and as with the SCS method of Section 6.2 a far-field temperature gradient
( ') has been applied. Rayleigh uses the boundary conditions of Equation
6.11 (parts a, b only) at the fiber/matrix interface. To model the interfacial
contact conductance at the interface (which causes a temperature difference
across the interphase region) the following boundary conditions can be used
[84],
Atr=a Km( dT = Kf-(dT
Atr=a T-T =- ) (6.28)
At r ~=ae dr
where he is the interfacial contact conductance (the interphase region
conductivity (Kc ) divided by its thickness(tc)). Figure 6.5 shows the detail of
this interphase region and how the second boundary condition of Equation
6.28 is conceived by matching the heat flux at the fiber/interphase material
region (r=a). This method of combining the interphase region thermal
conductivity and thickness into one parameter (hc) is generally necessary
because the interphase thickness is usually on the order of nanometers and
is difficult to measure.
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Applying the boundary conditions of Equation 6.28 to the potential
fields of Equation 6.27, B 1 can be solved in terms ofA 1 ,
a 2
Bi A, (6.29)
where v' is defined as,
v-1 +1+ Km
ah,
v- 1 1+ m (6.30)
K
where v = f
Km
and as hc goes to infinity (ie, interphase region resistance goes to 0), v'
approaches the solution of Rayleigh. Now, Rayleigh has applied Green's
theorem to the contour of the region between the rectangle and the cylinder
P as shown in Figure 6.4b. By doing so he calculates the total flux across
the contour caused by an infinite series of sources situated on the axes of the
P cylinder in both directions. And, knowing the temperature gradient, he
solves for the effective conductivity of the fiber elements in a rectangular
order,
K =ff 2p
1-
K 3p 2 7P S...
Iv'+p -_ -S4 7
-v'4 v' (6.31)
where the currently derived v' is defined in Equation 6.30. This equation is
strictly valid only for fibers in square order where,
.a2
p = 2 = Vf6 (6.32)
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Figure 6.4 a. Geometrical model for Rayleigh's method. b. Contour for
the application of Green's Theorem.
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is the fiber volume fraction and Rayleigh has calculated,
4
S4 = -(1.18034) 460 (6.33)
S= (1.18034)
8400
where the p 8 term is generally 2 to 3 orders of magnitude less than p and
may be neglected, therefore,
K, 1- 2p (6.34)
K 3p4m v'+P 4 2S4
Equation 6.34 has been plotted in Figure 6.6 vs. the Vf at various
contact conductances. This figure shows that as the interphase region
becomes less conductive (Km/ahc increases) the effective conductivity
actually decreases with a higher VP Finally, Rayleigh states that "the same
mode of calculation may be applied without difficulty to any particular case
of a rectangular arrangement" [62]. Rayleigh finds that the series expansion
becomes unsymmetric with respect to the two directions. Therefore, a
transverse anisotropy can be modeled. When the representative matrix
rectangle has a moderate aspect ratio, the approximate effective
conductivity may be calculated with,
S2 2
(6.35)
and by using Equation 6.34 for the conductivity in the direction parallel with
8 which is defined as being parallel to the direction of the applied
temperature gradient.
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Therefore, the rectangle aspect ratio used in Equation 6.35 is defined as,
AR = Y (6.36)
which was measured for [0]36 laminates of 3 volume fractions, [±4519, and
[±302/0213s laminates using microphotographs taken by a scanning electron
microscope. The results of the aspect ratio analysis for these laminates is
presented in Appendix E.
Thus, Rayleigh's model which was originally valid for closely packed
fibers in square order with perfect fiber/matrix adhesion has now been
extended. The new model is capable of representing the effects an
interphase region near the fiber surface and an unequal resin distribution in
the two in-plane directions have on the transverse thermal conductivity of a
fiber-reinforced composite. However, at the present time this model seems
incapable of modeling the percolation effect as the SCS method of Section
6.2 does when fiber/fiber touching becomes important.
6.4 Resin Heat Generation during a Thermal Conductivity
Measurement
The effect that resin heat generation has on the measured thermal
conductivity of an uncured laminate is of interest for the experiments of
Chapter 8. The idea is to determine the thermal conductivity of a laminate
with ongoing endothermic or exothermic reactions when the reaction rate is
known from the equations of Chapter 3. The known quantities that are used
to develop an energy balance for the system are the laminated plate facial
area (Ax), applied temperature gradient (dT/dx), heat flux being input from
the thermal conductivity test apparatus of Chapter 7 (qin) and the heat
generation term (q).
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From Chapter 3 it is known that the heat generation term is given by,
da
dPco~ (6.37)
where Hr is the heat of reaction for the composite. Figure 6.7 shows a
differential element used for the problem where steady flow is assumed and
a temperature gradient in only the x-direction is applied by the testing
apparatus. Applying the First Law of Thermodynamics to the control
volume (shaded region of Figure 6.7) gives,
qx - (q + dqx)+ 4Axdx = 0 (6.38)
where Ax is a constant and qx is the heat flux in the x-direction. Now, using
Fourier's Law and eliminating qx from Equation 6.38 gives,
-1 d ( dTq- -K KA -r
Ax dx dx (6.39)
where K is the thermal conductivity of the material. Because A x is a
constant, Equation 6.39 reduces to,
d KdT
&r dx (6.40)
and then, if K is a constant, integrating this equation twice gives an
expression for the temperature,
qx Dx
2K K (6.41)
where D1 and D 2 are constants to be determined from the boundary
conditions. In the experimental setup the temperature is specified on one
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face of the laminate and the heat flux on the other. Therefore, the boundary
conditions are,
T=T
q =Q,
at x = L
at x = 0 (6.42)
dT
=-K-
dr
as shown in Figure 6.8. Applying these two boundary conditions gives,
D, = -qi, (6.43)
and
D2 =Tc + + iL2K K (6.44)
and then substituting Equations 6.43 and 6.44 into Equation 6.41 gives:
T qX2 qinX
2K K
+ T +2K
2K
(6.45)
K
To solve Equation 6.45 for the thermal conductivity, the temperature at x=0
must be known, and is experimentally measured to be,
T=T, at x = 0 (6.46)
and then substituting this into Equation 6.45 and knowing that
(Th - Tc) dT
L dx
K = dx, +dT
gives,
(6.48)
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(6.47)
where K is the measured thermal conductivity. It has been assumed
throughout this derivation that the thermal conductivity is not a function of
temperature and that no heat loss occurs from the setup. In practice, both of
these assumptions should be checked. Equation 6.48 shows that if an
exothermic reaction is occurring and the heat generation term is neglected
the measured thermal conductivity will be less than the actual for the
material being measured. Of course, the opposite will occur for an ongoing
endothermic reaction such as the resin glass transition (T ).
6.5 Rotation of the Principal Thermal Conductivity
The derivation for the rotation of the principal thermal conductivities
from their principal axes into another axes system is given in Appendix B.
The principal conductivity axes system is aligned with the fibers in a
unidirectional ply. For a unidirectional ply, K 1 1 is the longitudinal
principal conductivity and K2 2 is the transverse principal conductivity. The
axes systems are defined in Figure B.1 and when the temperature gradients
are defined in the x, y, z axes system Equation B.10 gives the heat flux in
the x, y, z axes,
q,- [(cos2 OK11 +sin 2OK2 cos0sinO(KI I-K 2 ) 0 T]
q = cos sin(K,, I -K22) (cos 2 OK,+sin2 OK,,) 0 T,
0 0 K33  (6.49)
Equations B.13 and B.12 give the heat flux direction and magnitude,
respectively, when a temperature gradient is applied in the x-direction only.
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Focusing on an applied temperature gradient in the x-direction only
and assuming a two-dimensional flow, the heat flux equations reduce to,
qx = -KTx
q = -KxyT,x (6.50)
where,
K, = cos 2 OK + sinK22 (6.51)
Ky = cos sinO(K,, - K)
when the experimental setup of Chapter 7 is used to measure the
conductivity of a unidirectional laminate with the fibers rotated at an angle
to the applied temperature gradient which is in the x-direction, Kxx of
Equation 6.51 is measured. Figure 6.9 shows Kxx plotted vs. 0 for a
hypothetical K1 1=5W/moC and K2 2 = 1W/mC. The Kxy conductivity is not
directly measured, but, it is implied when Kxx is measured and an energy
balance is performed on the laminate being tested. Theoretically, the
measurement of Kx seems reasonable but previous researchers have had
difficulty experimentally proving this relationship for fiber-reinforced
composites. Reasons for this difficulty and a proposed experimental setup
are given in Chapter 7 and the experimental results are presented in
Chapter 8.
A more general problem occurs when the thermal conductivity must
be calculated for a laminate with multidirectional plies. A multidirectional
laminate is composed of a variety of differently angled plies. The macro
behavior of the laminate is desired in steady state and thus the classical
laminated plate theory (CLPT) which is used for the mechanical behavior of
a plate provides an analogous derivation. The macromechanical behavior of
a laminate using the CLPT is given by Jones [111].
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When the heat flux per unit area is in the x and y -directions (qx' qy)
the total heat flux is given by,
1/2
Q =L fqxdz
-1/2
t/2
Q, = L q,dz
-1/2 (6.52)
where t is the plate thickness in the z-direction, L is the plate length and Qx'
Q are the heat flux in the x, y-directions respectively. For a laminated
plate, Equation 6.52 becomes the sum of the integrals across each of the
plies,
N zk
Qx = L Jqxdz
N zk
QY = LI f qdz
k=1l - (6.53)
where zk is the top and zk- 1 is the bottom of each individual ply as you move
away from the centerline (z=0). Also, N is the number of plies in the
laminate. Using Equation 6.50 with a temperature gradient in the x-
direction only,
N zk
x= -L K IT,xdz
k=1 Zk._1
N zk
Q, =-L K, ITdz
k=1 Z-1 (6.54)
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and then because the temperature gradient does not vary in the z-direction,
Qx = -L*T Y Kl (Zk k-1
QY =-L*Tx ( KxYA:(zk-Zk-1)J1 - ( (6.55)
and therefore,
k=1
(6.56)
K 1
Kxy - Kxyk t
where tk is the thickness of each ply and t is the total thickness of the
laminate. The validity of the CLPT (Equation 6.56) is discussed and
experimental results are given in Chapter 8.
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Figure 6.9 Kx plotted vs. 0 for a composite with K1 1 =5W/ m0 C and
K2 2 =1W/mC.
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90
Chapter 7
Thermal Conductivity - Experimental Setup
and Design
7.1 Chapter Purpose and Overview
The purpose of this chapter is to describe the thermal conductivity
experimental setup and the design of the experiments which utilized a
guarded hot plate apparatus which was supplied by M. I. T. Lincoln
Laboratory. First, the experimental setup based on the ASTM C 177-85
procedure is described[112]. The possible errors associated with this
technique are described in this chapter and calculated in Appendix A.3.
Finally, the possible errors associated with this experiment are measured
and the experiment is designed for full (5" by 5") laminates as well as
partial-area laminates. The problems associated with using the partial
laminates are discussed and the chosen solutions are described.
7.2 Experimental Setup
7.2.1 Equipment
A Dynatech TCFGM guarded hot plate was used to measure the
thermal conductivity of the graphite/epoxy plates. The instrument is
designed for measuring the thermal performance of materials of relatively
low thermal conductivity [113]. The material tested must also be opaque
and should ideally be homogeneous and anisotropic. These last two material
requirements obviously are not met when advanced composites are being
tested in the form of partial plates. Therefore, special precautions had to be
taken in the experiment and are described in this chapter.
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The guarded hot plate is an absolute method of measuring the
material thermal conductivity because no heat flux reference standards are
required. Figure 7.1 shows a schematic of the experiment in its ideal form.
The main components of the idealized system are a guarded isothermal hot-
surface plate and two isothermal cold-surface plates. Figure 7.2 shows the
actual guarded main heater which provides the isothermal hot-surface (the
main heater diameter is approximately 4 inches and that of the concentric
guard heater is 8 inches). The test specimens are placed between the
isothermal surfaces, one on each side of the hot plate. The test method,
therefore, averages the properties of two laminates which should have
nearly identical properties.
The power supplied to the main heater is measured as a voltage
across the main heater and the current flow through the heater. This
power, and therefore the applied heat flux, is specified by the operator and
thus the heat flux is the known boundary condition at the isothermal hot
surface. The isothermal cold surface temperature is also specified by the
operator and thus the hot surface temperature is determined by the other
two boundary conditions and is unknown until the system achieves
equilibrium. Thus, under idealized conditions, the schematic of Figure 7.1
shows the linear heat flux lines which are normal to the isothermal planes
as well as the isothermal plates. The establishment of the above idealized
conditions means that there are no radial components of heat flux and
therefore the thermal conductivity of the plate in the direction normal to the
isothermal plane is measured under steady state conditions.
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Figure 7.1 Idealized schematic of the 1-D thermal conductivity
measurement.
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Figure 7.2 Guarded hot plate main heater (4" diameter) surrounded by a
concentric guard heater (8" diameter) which are separated by a
gap of 0.06 inches.
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Figure 7.3 shows a schematic of the most important components of
the guarded hot plate apparatus and Figure 7.4 shows the actual setup. In
Figure 7.3 the auxiliary heaters provide the isothermal cold surfaces (they
are called cold only for reference purposes, because they are always at a
lower temperature than the main heater. The temperature of these heaters
is specified by the operator and monitored by two thermocouples (K-type -
alumel/chromel manufactured by Omega Engineering) [114, 115] which are
cemented into grooves (one at the center and one approximately 2.5" out
radially) in each of the aluminum plates. The isothermal hot surface is
labeled as the main heater (aluminum plate) and is the plate that supplies
the measured heat flux to both test specimens. The temperature is
monitored by a thermocouple cemented into a groove at the center of each
side of the main heater. The guard heater is a 8" diameter aluminum plate
which is concentric with the main heater (as shown in Figure 7.2) and
separated from it by a gap of 0.06 inches. A 16-junction thermopile (with
individual heads spaced evenly around the circumference) monitors any
temperature difference across this gap. The control system then minimizes
this temperature difference by supplying the necessary power to the guard
heater and ideally, no radial heat flux occurs across this gap. Cooling plates
are used at both ends of the stack as heat sinks to ensure that the stack does
not overheat. The coolant used was a 50/50 mixture of ethylene
glycol/water, was generally kept below 00 C and was supplied by a LT-50DD
Endocal refrigerated circulating bath.
A few other important components of the experimental setup should
be described. The entire hot plate stack was placed under a bell jar (shown
in Figure 7.4) and a vacuum was applied. A Varian SD 300 vacuum pump
was used to first remove the moisture (15-20 minutes) and then the Varian
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Figure 7.4 The guarded hot plate apparatus located at M. I. T. Lincoln
Lab.
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Turbo-V200 vacuum pump was turned on and, by the time steady state
conditions were achieved (14-16 hours), a vacuum on the order of 10 -4 torr
had been achieved. The vacuum prevents convection away from the stack
and across the gap between the main and the guard heaters. Preventing
radiation of energy away from the stack is also important. The two critical
areas where radiation must be prevented are: away from the main heater
and away from the specimens. The guard heater prevents radiation from
the main heater and silicone insulation is place around the edges of the
specimens. Figure 7.5 shows the silicone insulation placement around a full
plate (5" by 5") which is then placed on top of the main/guard heater
assembly. The specimen completely covers the main heater and parts of the
guard heater with the silicone insulation covering the remainder. Finally, a
grease (G-9030 silicone high vacuum grease - McGhan Nusil Corp.) is
applied in a thin layer to both faces of all plate specimens. In a vacuum, this
grease is necessary to promote thermal contact between the specimens and
the aluminum plates but may also be a source of thermal resistance between
the temperature measured by the thermocouple and the specimen. This
undesired effect is discussed later.
Other components of the setup are now described. A Hewlett Packard
3852A Data Acquisition/Control unit was used to monitor the signals from
the thermocouples and the main heater. A Hewlett Packard 9133 and
9000/300 computer system was used to process this information and to
record the temperature measurements, heat flux and to calculate the
average thermal conductivity of the two specimens being tested. Spring-
loaded compression bars were used to screw a plate on top of the stack down,
thus compressing the entire stack with approximately 20-30 pounds of
pressure.
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A control unit which maintains the specified temperature and power
requirements was also supplied by Dynatech.
7.2.2 Procedure
The outline of the general procedure for each experiment is now
given. Before the thermal conductivity could be measured, the plates were
manufactured and cut to their desired size. The manufacturing procedures
were described in Chapter 5. As also described in Chapter 5, the plates were
then measured for thickness as well as length and width when the partial-
plates were tested. The full-plates completely cover the main heater (with a
known area) so the flux area is known, however, the partial-plates do not
fully cover the main heater and thus their area (flux area) must first be
measured. In either case, the specimen thickness and flux area was then
known and entered into the data acquisition computer. A thin layer of
vacuum grease was then applied to both faces of the laminate. Thermal
grease was not used because it caused the plate to adhere to the setup and
could not be removed after the test. The lower and then the upper laminate
was then placed in the stack with the silicone insulation surrounding each.
After all pieces of the stack were assembled the top compression plate was
lowered on to it and 20-30 pounds of pressure was applied through the
spring mechanism. The bell jar was then lowered over the stack and the
vacuums, heaters and coolant system were turned on.
This is a steady-state experiment and therefore the setup was
generally allowed to come into equilibrium overnight (14-16 hours). The
first data point was taken in the morning at the initial temperature (usually
=95C). The stack temperature was then generally increased in 300 C to
400 C increments and allowed to come into equilibrium. The second and
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subsequent data points generally took 2-3 hours for equilibrium to be
established. However, the rule used was that the stack was not in
equilibrium until the measured temperatures changed less than 0.2 0C in a
half hour. After the last data point (usually =1750C), the vacuum and
heaters were shut down and the cooling system was allowed to cool the stack
to room temperature. The laminates were then removed and the vacuum
grease was scraped from the laminates and carefully removed from the
aluminum plates. This cycle was then repeated for the next laminate.
7.3 Experimental Design
7.3.1 Reason For Design
Measuring the thermal conductivity of an isotropic materials tends to
be a very difficult experiment. Measuring the thermal conductivity of an
anisotropic plate is more difficult and trying to measure the off-axis
conductivity of an anisotropic plate has been very difficult for many authors
[95-98, 1161. In fact, ASTM recommends against measuring the thermal
conductivity of an anisotropic body whose axes of symmetry do not coincide
with the applied temperature gradient. However, this research has
developed methods for measuring the thermal conductivity of the anisotropic
material on-axis as well as off-axis, while resin chemical reactions are
occurring and for plate geometries other than a full-plate which covers the
entire area of the main heater. Therefore, discussion on the development of
these methods is warranted and is given in this section.
7.3.2 Potential Experimental Errors
The first two potential problems that were explored were those of
radial temperature gradients and a contact resistance between the laminate
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and the heating plates. To measure the influence of these two potential
problems, grooves were machined in two test-laminates (K=0.5W/moC) for
thermocouple placement during the experiment. Three grooves were
machined on each face of the two test laminates. These grooves are
described in Chapter 5 and shown in Figure 5.12. The depth of each groove
was measured and K-type thermocouples were placed in each. Thermal
grease was placed on all sides of the laminate and the experiment proceeded
as described in the previous section. However, this time, the temperature
was recorded using the thermocouples in the aluminum plates as well as in
the test laminates. Thus, two conductivities were measured, one including
the contact resistance at the plates (calculated using thermocouples in the
aluminum plates) and one excluding this contact resistance (calculated
using thermocouples in the test laminate). Figure 7.6 shows the results of
this experiment. This experiment found no effect on the thermal
conductivity measurement due to a contact resistance. Because of this and
the random error in the thickness measurement created by placing the
thermocouples in the grooves, the groove-technique was not used for future
tests. However, it is now believed that a significant contact resistance
between the laminate and the aluminum plates (even more pronounced for
the longitudinal laminates with a higher conductivity) did exist for these
tests. This contact resistance between the laminate and the aluminum plate
was masked by the resistance between the laminate and the thermocouples
in the grooves in the first test This contact resistance and the way to
eliminate its effect is discussed later in this section. The second effect of a
radial temperature gradient was also deemed negligible.
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Comparison of the measured conductivity including and
excluding a possible contact resistance.
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The radial temperature gradient was measured to be 0.4°C/inch whereas the
through thickness gradient in the measurement direction was generally 50-
100 0C/inch.
As with most experiments, the accuracy of this test must be
estimated. The calculation of the accuracy for this experiment is given in
Appendix A. The accuracy was estimated to be 4.3% for this experiment. A
measure of the experimental accuracy is the repeatability of the test. Figure
7.7 shows that transverse measurements of two 5" by 5" plates are
repeatable within the accuracy of 4.3%. Figure 7.8 shows that two partial
plate tests (these are described next) are repeatable within 4.3% and that
the equilibrium times used are sufficient for the experiment as compared to
equilibrium times twice as long.
7.3.3 Types of Laminates
Three types of laminates, each with different facial areas, were tested
and the data from two were eventually accepted. The manufacturing
procedure for each of the different laminates was explained in Chapter 5 and
the reasoning for, as well as the process of, testing them is now given. The
area of the full-laminates was 5" by 5" which is optimum for these tests
because it fully covers the 4" diameter main heater and thus all the heat
measured in this heater goes through the laminate. It is easy to
manufacture 5" by 5" laminates (0.2" thick) for measurement of the
transverse conductivity because the fibers are already in this direction when
a large 12" by 14" laminate is first manufactured in the autoclave.
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Figure 7.7 Repeatability is demonstrated for the transverse thermal
conductivity measurement of two Full-Plates.
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However, a special manufacturing process was necessary to manufacture
laminates with the same 0.2" thickness (optimum thickness to prevent
radial heat loss and yet to minimize the contact resistance effect) with fibers
going through the thickness of the plate or at angles (other than transverse)
to it.
A chopping, rotating and recuring process was developed to
manufacture these laminates (described in Chapter 5). The first try was to
create a 5" by 5" laminate with fibers aligned through the thickness by
clamping and then recuring twenty-five 0.2" wide and 5" long strips
together. This method was unsuccessful in creating a flat laminate because
of the number of graphite/epoxy strips that had to be aligned and recured.
Therefore, 5 to 6 strips were cut, rotated and recured to create partial/full-
laminates which were successfully manufactured flat because less strips had
to be aligned. These laminates are called partial/full because they have a
partial width (1"+.10") but a full length (5"±.20") as compared to the 5" by 5"
laminate.
The partial laminates did not fully cover the main heater area and
therefore a material had to be chosen so that no heat transfer could occur
across this exposed area. By achieving this, only the conductivity of the
graphite/epoxy laminate is measured. Aluminized and crinkled mylar
sheets were chosen because of their low effective emissivity (called effective
emissivity because the main heat transfer that does occur is radiated but
some conduction does occur). Ten sheets of mylar, along with a sheet of
kapton on either face, were taped together and placed over the exposed main
heater area as shown in Figure 7.9a. The effective emissivity of these
mylar/kapton composite sheets was measured to be 0.02.
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Myla Silicone Insulation/
SPlaced onto the Main/Guard Heater 1
Figure 7.9a Placement of aluminized mylar and silicone insulation around
the Partial/Full-Laminate.
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Mylar Insulation Placed onto the Main/Guard Heater
Figure 7.9b Placement of aluminized mylar and silicone insulation around
the Partial/Partial-Laminate.
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The partial/full-laminates were tested and eventually rejected for the
following reason. The laminates were manufactured with angles of 00
(longitudinal, fibers aligned with Tx), 300, 450, 600 and 900 (transverse,
fibers perpendicular to T x ) and their conductivity measured. Based on
temperature measurements throughout the stack, it was determined that an
undesired heat flux was occurring. A possibility is that a heat flux
emanated from the guard heater, flowed through the edge of the laminate,
across the gap and ended on the faces of the main heater as well as the
auxiliary heaters (as illustrated in Figure 7.10). The heat flux to the main
heater increased the temperature at this surface causing false conductivity
measurements and therefore invalidating the procedure of using the
partial/full-laminates.
The last type of plates tested were the partial/partial-laminates. These
plates were just a shortened version of the partial/full-laminates. These
laminates were approximately 0.2 inches thick by 1 inch wide by less than
3.87 inches long so that no part of each laminate extended off of the main
heater plate. The placement of these laminates along with the mylar
insulation is illustrated in Figure 7.9b. With the increased accuracy of using
the partial/partial-laminates it was now determined that a small heat flux
was occurring through the mylar insulation. An outward heat flux of 2.3%
of that input was measured by comparing full-laminates to partial/partial-
laminates of exactly the same material and this fact was used to correct the
measured input heat flux. Figure 7.11 shows the measurement of the
transverse thermal conductivity of a full-laminate and that of a
partial/partial-laminate with the small correction for heat loss included.
The conductivity of partial/partial-laminates was measured for angles of 00,
300, 450, 600, 750 and 900. These measurements were compared to the
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second order tensor rotation (Equation B.10) calculation for KX. Figures
7.12 and 7.13 show the results of this experiment and that the experimental
results are not predicted by the second order tensor rotation. However,
before the theoretical rotation method was declared unacceptable for the
thermal conductivity of fiber-reinforced composites one more problem was
detected in the experimental procedure.
7.3.4 Thermal Contact Resistance
Even though the contact resistance was deemed unimportant by using
the grooved laminates as previously described, it was suspected at this point
in the research that the contact resistance was now important.
Hypothetically, a contact resistance between the aluminum plates and a
laminate with fibers transverse to the heat flux (K=0.5W/moC) that caused a
3% error would cause a 20-25% error for a laminate with fibers parallel to
the heat flux (K=5W/moC). The calibration test described in Section 7.3.2
does not assure that contact resistance is unimportant in this case. The
contact resistance represents a proportionally larger impedance for a
material of greater conductivity. When using these two values, and
principally because of the large error in the longitudinal-laminate, the
calculated values for Kxx using Equation B.10 would be less than the
experimental values for fibers rotated at angles of 300, 450, 600 and 750 as
shown in Figure 7.12 and 7.13.
Therefore, the contact resistance had to be measured in a way other
than previously tried with the grooved set of laminates. A more direct
approach was tried this time [117]. The goal was to measure the contact
resistance caused by the vacuum grease applied to the face of the laminates.
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Figure 7.10 Illustration of an unwanted heat flux which occurs when the
Partial/Full-Laminates are used.
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Comparison of the thermal conductivity measurement of a Full-
Plate and a Partial/Partial-Plate constructed from the same
material.
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Figure 7.12 Theoretical compared to experimental for various angles of
rotation using Partial/Partial-Plates utilizing a heat loss
correction factor.
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Figure 7.13 Theoretical compared to experimental for various angles of
rotation using Partial/Partial-Plates utilizing a heat loss
correction factor.
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Vacuum grease was applied to the face of the aluminum plates, and with no
laminates, the stack was pressed together. The temperature difference
caused by the contact resistance of the thermal grease was measured and
used to calculate the thermal contact conductance,
H - Q (7.1)A*AT
where Hc (Watts/m2oC) is the contact conductance, Q/A (Watts/m2 ) is the
applied heat flux per area and AT is the measured temperature difference
across the vacuum grease. The thickness of the vacuum grease is not
necessary for the calculation of Hc but must be representative of the actual
thickness applied to the laminates when they are tested. With this in mind,
slightly varying thicknesses of the vacuum grease were applied and the Hc
was measured at various temperatures. Because of the pressure applied,
the thickness of the grease seemed to equilibrate at the same final thickness
every time because a relatively small variance was calculated for 7 tests of
twenty measurements. The data for these tests if given in Appendix C.1
where it is shown that,
Hc=7280W/m2OC ±300/m2oC (7.2)
where He is the thermal contact conductance between each laminate and the
aluminum plates.
To calculate the real conductivity of the laminate the thermal contact
conductance was considered to be in series with Kreal which is the measured
conductivity. Therefore, using materials in series,
t t + tc
K, Kr,a Kc (7.3)
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where t is the laminate thickness, tc is the thickness of the grease, Kmeas is
the measured conductivity, Kreal is the real conductivity and K c is the
conductivity of the contact region. By definition, Hc=KcItc and substituting
this into Equation 7.3 and rearranging gives,
Krew = t* * Hc  (7.4)t* H - Kme
This equation was used to calculate the real conductivities based on those
measured, both of which are given in Appendix C.1 for each laminate tested
as well as the percentage difference between them. As shown in Appendix
C.1, this measured contact resistance caused only a 3-4% discrepancy for the
measurement of the transverse conductivity but a 25-30% discrepancy for
the measurement of the longitudinal conductivity. All results that are
plotted in Chapter 8 are the Kreal values.
7.3.5 Observation Related to Previous Research
An observation of other researchers' work regarding the conductivity
measurement of laminates with angled fibers and their comparison to
Equation B.10 has been made. Figure 13 of Piling et. al. [961 and Figure 4 of
Harris et. al. [95] show the same trend (calculated value is 13% and 9%
below the experimental value, respectively) as my results for a 450 laminate
shown in Figure 7.12 (calculated is 11% below the experimental value)
where the edge effects are accounted for but not the contact resistance. Both
of these research groups used a "Nonaq" grease and no measurement of a
contact resistance is reported in either case. It is therefore quite possible
that the discrepancies between their experimental and calculated results is
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caused by neglecting the effect of the contact resistance between their
specimens and test apparatus.
-188-
Chapter 8
Thermal Conductivity - Experimental Results
8.1 Chapter Purpose and Overview
The purpose of this chapter is to present the experimentally measured
thermal conductivity of AS4/3501-6 graphite/epoxy. The data presented was
obtained using laminates whose manufacturing processes was described in
Chapter 5 and using an experimental setup that was described in Chapter 7.
Where appropriate, the experimental results are compared to the previously
derived theory of Chapter 6, Appendix B and Appendix D. The thermal
conductivity was measured perpendicular to the fibers (transverse) as well
as parallel to the fibers (longitudinal) of a unidirectional laminate. In the
transverse case, the conductivity was also measured for various resin
degrees of cure, for various multi-angled laminates and at various fiber
volume fractions. The longitudinal conductivities were also measured at
various fiber volume fractions. Thermal conductivities were measured for
laminates with fibers rotated at various angles to the applied temperature
gradient. The measured conductivity of the 3501-6 resin is given, as well as
the extrapolated values for the transverse and longitudinal conductivity of
the AS4 fibers. Finally, evidence is presented that suggests the presence of
an interphase region due to fiber electrochemical processing. All data
presented in this chapter is also listed in Appendix C.1 and can be
referenced through the laminate number given in each figure. Unless
otherwise noted, each data point presented in this chapter represents one
test that averages the properties of two similar laminates and the estimated
accuracy of the measurement is 4.3% which is depicted in all figures by error
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bars on the experimental data. It is also noted that a "transverse
conductivity" is a through-thickness transverse measurement unless
otherwise noted.
8.2 Transverse Thermal Conductivity as a Function of
Resin Degree of Cure
The transverse thermal conductivity of AS4/3501-6 graphite/epoxy
was measured at various stages of resin degree of cure. A review of the
literature showed that only Mijovic [44] had previously done this using a
different thermosetting resin. His data show a large increase in composite
conductivity as the resin cure progresses and he predicts a 127% increase in
composite thermal conductivity as the resin cures from approximately 10%
to approximately 90%. Mijovic attributes the increase in laminate
conductivity to the chemical changes as the resin cure progresses. To model
the process of curing a thermosetting composite, its thermal conductivity
must be known as the resin goes from an uncured state to being fully cured.
Figure 8.1a shows the experimentally measured value of a laminate
with an initial resin degree of cure equal to a=0.536. The laminate shows
two offsets from a linear increase in conductivity with temperature. The
first offset is due to the endothermic phase transition known as the glass
transition of the resin. It is seen that this reaction occurs in the region of
50°C-70C which compares favorably to the value of 600 C-70C measured by
the DSC and shown in Figure 3.24 for a 50% cured graphite/epoxy sample.
Figure 3.24 also shows that the DSC measured a reaction energy of 0.05W/g
which was measured by the DSC and compares favorably to the value of
0.06327W/g necessary to cause the offset in Figure 8.1a (each point
represents a 1.5 hour test). The second offset is due to the exothermic cure
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reaction of the resin. That is, during the higher temperatures of this test,
the resin is curing. At the initial temperature, 400C, the laminate a=0.536
but when the last data point is taken, 1771C (test time is 1.5 hours at 1770C
which has been measured in the DSC to produce a a=0.96), the laminate
a=0.96. By using Equation 6.48 and Equation 3.2 to calculate the effect the
heat generation has on the measured conductivity it is found that the
conductivity reduces to a linear curve (within 10%) in this region.
Accuracies greater than this can not be expected due to the limitations of
Equation 3.2 as previously discussed.
Figure 8.1b shows a second test of the laminate previously discussed
(Laminate A in the figure), this time at a=0.96 as well as another laminate
(laminate B in the figure) at a=0.96. The cure reaction rate has decreased
enough at this stage that effectively no exothermic heat is being generated
and the test is taken at a constant degree of cure, a=0.96. Note that before
the resin reactions begin, the a=0.536 laminate has approximately the same
conductivity as the a=0.96 laminate at 4000C. Note also that at 1770C the
laminate with initial a=0.536 has cured to a measured a=0.96 (test time is
1.5 hours at 177C) and has approximately the same measured conductivity
as the laminate with a=0.96. The comparison of these three experiments
suggest that the thermal conductivity of the graphite/epoxy laminate does
not vary with resin degree of cure in the region 0.536 a 5 0.96.
However, Figure 8.1b does show a large increase in the thermal
conductivity with resin degree of cure in the region 0.96 a 0.98. The 98%
degree of cure is achieved by curing the laminate at 1770C for 10 hours. As
previously stated, the chemical reaction has effectively ended when the
resin reaches a=0.98.
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Figure 8.1a Measured transverse thermal conductivity of a partially cured
AS4/3501-6 laminate.
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Figure 8.b Measured transverse thermal conductivity of partially cured, as
well as, a fully cured laminates.
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These laminates have a Vp0.57 and are unidirectional. This increase in
conductivity in the region of 0.96 5 a 5 0.98 was also measured for laminates
with other ply layups and at other fiber volume fractions. Figure 8.2 shows,
once again, the 14% increase for the unidirectional [0136 laminate as well as
a 10% increase for a [+6 0 2/0213s laminate between the degrees of cure 0.96 5
a 5 0.98. Also note that the conductivities of the multi-angled laminate are
greater than those of the unidirectional laminate at the same resin degrees
of cure. This phenomenon will be discussed in the next section.
Figure 8.3 shows that the percentage of increase in conductivity also
varies depending on the laminate fiber volume fraction. Note that the
curves through each data set are not curve fits but are only meant to help
group the data for each experiment. All three laminates are unidirectional
and were tested at a=0.96, postcured for 8 hours at 3500F and then tested
again at a=0.98. It is seen that the conductivity of the medium Vf laminate
increases the most upon postcure while that of the high Vf laminate
increases only 5% and that of the low Vf laminate almost not at all. It is
therefore postulated that resin shrinkage (pulling the fibers closer together
as well as increasing the V) upon postcure causes the increase in laminate
conductivity. Figure 8.3 suggests that the fibers of the high Vf laminate
may have already been closely packed at a=0.96 and therefore the postcure
could not bring them much closer. The figure also suggests that the fibers of
the low Vf laminate may have been too far apart for resin shrinkage to
increase the transverse conductivity. The volume fraction of Vp=0.57 seems
to be near the optimum for increasing the laminate thermal conductivity
upon postcure.
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Figure 8.2 Measured transverse thermal conductivity of partially, as well
as, fully cured laminates of different layups.
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Figure 8.3 Measured transverse thermal conductivity for unidirectional
laminates before and after postcure at three fiber volume
fractions.
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Therefore, based on the previous discussion an increase in thermal
conductivity occurs in the region 0.96 5 a 5 0.98 but does not seem to
increase in the region 0.536 < a 5 0.96. This dramatic increase in laminate
conductivity near the end of the resin cure could possibly occur for two
reasons: an increase in the resin thermal conductivity or an increase in resin
density in the region 0.96 5 a 5 0.98. Figure 8.4 shows the thermal
conductivity measurements for a 3501-6 neat resin slab cured to various
degrees of cure. The a=0.80 sample was measured only below its glass
transition temperature. It is seen that only a small increase in conductivity
(=2%) occurs for 0.80 _ a 5 0.96 and another 2% for 0.96 5 a : 0.98. The
experimental error ranges for these three groups of data overlap and
therefore the data does not show a significant increase in resin conductivity
in the range 0.80 5 a 5 0.98. In Chapter 4 the measurements for the resin
density vs. the degree of cure at room temperature were presented. Figure
4.17 shows that at room temperature the resin density increases 3.1% from
1.26g/m 3 to 1.30 g/cm 3 upon reaching final cure at a=0.98. Therefore, it is
possible that the increase in transverse thermal conductivity of a laminate is
due to resin shrinkage upon final cure; it is not due to change in resin
conductivity as the resin degree of cure increases.
Because the resin thermal conductivity increases very little (perhaps
3-4%) for 0.536 a 5 0.98, measuring the laminate thermal conductivity
may not be a valid method for monitoring the resin degree of cure in an
autoclave. Further, the results of Mijovic [44] have to be questioned. He
also studied a thermosetting resin (although it was a TGDDM/DDS resin)
but no where in his paper does he mention how the ongoing exothermic
reactions were accounted for when the conductivity of a partially cured
laminate was measured.
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Figure 8.4 Measured transvere thermal conductivity of 3501-6 neat resin
cured to various degrees of cure.
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It is very possible that he was measuring an effect similar to the one shown
in Figure 8.1 and perhaps incorrectly concluded that the laminate
conductivity increased with cure when actually he was measuring an
unaccounted-for resin exothermic reaction.
8.3 Transverse Thermal Conductivity as a Function of Ply
Layup Angle
Previous authors [47, 58] have stated that the thermal conductivity of
an advanced composite is a transversely isotropic property of the material.
This suggests that the transverse thermal conductivity of a laminate should
not vary with the ply layup angle. That is, a unidirectional laminate should
have the same transverse conductivity as a multi-angled laminate.
However, Scott and Beck [45] have found that the transverse thermal
conductivity of multi-angled laminates is less than that of unidirectional
laminates of the same volume fraction and at the same temperature.
Figure 8.5 shows the experimentally measured transverse thermal
conductivity of laminates with various ply layups. It is seen that the
transverse thermal conductivity of a [±302/0213s laminate is approximately
8.7% higher than a unidirectional laminate and the [±4519s and [±602/02138
laminates have a measured conductivity of about 13.5% greater than the
unidirectional case. At the same fiber volume fraction and temperature, the
only possible explanation for this phenomenon is that the fibers of the multi-
angled laminates have settled closer together (in the measured direction)
during the cure than the fibers of a unidirectional laminate. In fact
Gutowski [12] has observed a similar phenomenon.
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Figure 8.5 Measured transverse thermal conductivity of laminates with
various ply layups.
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He found that poor fiber alignment tended to decrease the Vf achievable at a
given pressure during cure which was perhaps due to more fiber-fiber
touching in the transverse direction. This suggests that when fibers in a
laminate are misaligned they tend to settle unto each other more than in a
"perfectly" aligned laminate.
To test the hypotheses that the fibers of multi-angle laminates are
closer together in the transverse direction than those of unidirectional
laminates, microphotographs were taken using a scanning electron
microscope (SEM). Small samples from the [0136, [±302/0213s and [±4519,
laminates were cut, polished and photographed using an SEM as discussed
in Appendix E.2. Six photographs from different areas of each laminate
were analyzed to obtain the representative matrix rectangle around a
typical fiber. This was accomplished by measuring the resin distribution
between fibers in both transverse directions on the microphotographs. It
was found that, in general, the average matrix element around a fiber was a
rectangle, not a square as previously believed. The side of the rectangle
parallel to the direction of conductivity measurements is called 8 and that
perpendicular to it is called e. It is shown in Appendix E.2 that the ratios of
e/8 for the laminates are,
[0136 e/6=1.02
[±302/02]3s e/6=1.06 (8.1)
[±45]9s e/8=1.10
with all laminates having a Vp0.57. This says that geometrically, the fibers
are, on average, closer together in the through thickness direction of the
plate (the direction of conductivity measurement) than perpendicular to it.
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Rayleigh's model [62] for the transverse thermal conductivity of a
fiber-reinforced composite has been modified as described in Chapter 6 to
account for the fact that, in general, the typical matrix element around a
fiber is rectangular. Equation 6.35 can be used to calculate the ratio of fiber
area to (2 utilizing the laminate Vf and the rectangle aspect ratios which
were previously measured for each laminate which is then used in Equation
6.34 to calculate the effective conductivity of the three laminates with aspect
ratios given in Equation 8.1. A Ktf4.4W/m°C (extrapolated using Rayleigh
model as shown in Appendix C.1), Km=0.182W/moC, Vf=0.57 and no
fiber/matrix contact resistance was assumed. The results of using Equations
6.34 and 6.35 are plotted with the experimental data in Figure 8.6. It is
seen that the proposed model predicts the increase in conductivity for multi-
angled laminates as compared to a unidirectional laminate, based on the
typical resin element aspect ratio, very well. As mentioned in Chapter 6,
this model is only valid for aspect ratios near 1 and has not been
experimentally proven valid for aspect ratios greater than 1.1. Once again,
it is emphasized that the reason the transverse thermal conductivity varies
with ply layup angle is that the average distance between fibers in the
direction of measurement varies due to differences in fiber compaction
during manufacture in an autoclave.
8.4 Transverse Thermal Conductivity as a Function of
Fiber Volume Fraction
The transverse thermal conductivity of the AS4/3501-6 graphite/epoxy
laminates was experimentally measured as a function of the fiber volume
fraction. Three graphite/epoxy laminates of different Vf and one neat resin
slab were manufactured using the techniques described in Chapter 5.
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Figure 8.6 Model based on typical resin element aspect ratio (Equation
6.35) vs. the experimental data.
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Their conductivities were measured at three different temperatures. No
method has been developed for measuring the transverse thermal
conductivity of a graphite fiber (diameter = 7.5 gim) so the method of
extrapolation to Vfl is of considerable interest. The experimental data is
presented and compared to the models of Chapter 6 and the models of
previous authors which are described in Appendix D.
Figures 8.7-8.9 show the experimentally measured transverse
thermal conductivity for laminates with fiber volume fractions of VfO.O,
0.45, 0.57 and 0.64 at three different temperatures. A large increase in
conductivity is measured as the fiber volume fraction increases. This has
been observed many times by previous authors. Many authors have also
derived analytic equations that model the effective transverse thermal
conductivity of a fiber-reinforced laminate vs. its fiber volume fraction.
The analytic models of other authors have been compared to the four
data points of Figure 8.8 which were measured at 1450C. Because the fiber
transverse conductivity (Kf) is an unknown, and it is a required input for
each model, it was used as a curve fitting parameter to best match the
results of each model to the four experimental data points. The criteria used
to judge the performance of each model are:
1. The model can predict the four data points within the experimental
error.
2. The model predicts values within the best possible bounds which
were first derived by Hashin [60] and derived in this thesis as
Equations 6.21, 6.25.
3. The model predicts a reasonable transverse Kf(less than or equal
to half the longitudinal Kp11.3W/moC (Section 8.5) to fit the four
data points.
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Figure 8.7 Measured transverse thermal conductivity vs. the fiber volume
fraction.
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Figure 8.8 Measured transverse thermal conductivity vs. the fiber volume
fraction at145°C.
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Figure 8.9 Measured transverse thermal conductivity vs. the fiber volume
fraction at 175°C.
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These three criteria were used to judge the performance of seven previously
derived models (listed in Appendix D) as well as those derived in Chapter 6.
As previously mentioned, the Kf was used to fit each model to the
experimental data points; at least criterion 1 should be met. Figure 8.10
shows the Thornborough model [74] plotted with the experimental data.
The model predicts a transverse Kf=15W/moC and is therefore disqualified
based on criterion 3. It is possible that this model would work better if a
method of determining the series/parallel combinations was specified for
different laminate geometries. Figure 8.11 shows the Halpin-Tsai model
[56] plotted with the experimental data. The model predicts values below
the lower bound at low fiber volume fractions and also predicts a transverse
Kf=8.6W/moC and is therefore disqualified based on criteria 2, 3. Figure
8.12 shows the Lewis-Nielsen model [79] plotted with the experimental data.
The model predicts a transverse Kf3.44W/moC which is quite reasonable.
However, it does break the lower bound near Vf=0.80. Therefore, this model
is disqualified based on criterion 2. Both Springer-Tsai models [72] were
evaluated. I have been unable to obtain reasonable answers for their
effective conductivity model that utilizes a circular fiber embedded in a
square matrix element (Equation D.4). This model seems to predict a
decreasing effective conductivity with increasing V: because they have
assumed perfect fiber/matrix contact this is an unreasonable behavior and
this model is disqualified. However, Figure 8.13 shows their model which
utilizes a square fiber embedded in a square matrix (Equation D.5) plotted
with the experimental data. This model predicts a transverse Kfi65W/moC
and is therefore disqualified based on criterion 3. Figure 8.14 shows the
Hasselman-Johnson model [84] plotted with the experimental data.
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Figure 8.10 Thornborough model plotted with the measured transverse
thermal conductivity.
-209-
16
14
12
O
E
10
8
0.8
16
Temperature=1 45 0C
14
* Experimental
Halpin-Tsai Model
12
0E
10
8
6
4
2
0
0 0.2 0.4 0.6 0.8
V
Figure 8.11 Halpin-Tsai model plotted with the measured experimental
conductivity at 1450C.
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Figure 8.12 Lewis-Nielsen model plotted with the measured transverse
thermal conductivity at 1450C.
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Figure 8.13 Springer-Tsai model plotted with the measured transverse
thermal conductivity at 1450C.
-212-
16
Temperature= 145 0C
14
* Experimental
1 2 Hasselman-Johnson Model
E 10
8
6
4
2
0
0 0.2 0.4 0.6 0.8
Vf
Figure 8.14 Hasselman-Johnson model plotted with the measured
transverse thermal conductivity at 1450C.
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Figure 8.15 Hashin model plotted with the measured transverse thermal
conductivity at 1450C.
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Figure 8.16 Rayleigh model plotted with the measured transverse thermal
conductivity at 1450C.
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The model predicts a transverse Kf20W/moC and is therefore disqualified
based on criterion 3. Figure 8.15 shows the Hashin lower-bound model [601
(which is also given by Equation 6.21) plotted with the experimental data.
This model predicts a transverse Kf=8.7W/mC and is therefore disqualified
based on criterion 1. Figure 8.16 shows the Rayleigh model [62] plotted with
the experimental data. This model predicts a transverse Kff4.4W/moC and
is qualified based on the given criteria.
Most of the above models come numerically very close to meeting the
specified criteria. For models that broke criteria 2 or 3 a more reasonable
transverse Kf was chosen but then, without exception, the models did not
meet criterion 1. An observation was made about all of the models which
were disqualified. To predict a reasonably low transverse Kf they were all
predicting too flat a curve through the middle fiber volume fractions to
model the more linearly increasing experimental data points in this region.
Therefore, a literature search was conducted to find a model that predicted
this greater increase in laminate conductivity but would also give a
reasonable value for the transverse Kf. No models were found for fiber-
reinforced composites but models for composites composed of spherical
particles were found [59, 65, 67, 68] that seemed to exhibit the desired
behavior. These types of models are said to correctly predict the effects of
percolation on the thermal conductivity of composites composed of spherical
particles. Hashin [70] has shown that these models could be derived using a
self-consistent scheme (SCS).
The SCS method was therefore used to derive an equation for the
effective conductivity of a fiber-reinforced composite as presented in Chapter
6. The derivation resulted in Equation 6.18 for the effective transverse
conductivity based on the two material conductivities, the fiber volume
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fraction and p' which was described in Chapter 6. When the typical fiber
was considered to be directly embedded in the effective material (as done
previously for spheres [59, 65, 67, 68]) by choosing p'=l, Equation 6.22 was
derived. Equation 6.22 is plotted with the experimental data in Figures
8.17-8.19 at temperatures of 9500C, 1450C and 1751C respectively. The model
satisfies all three criteria given above. The model stays between the bounds,
approximately predicts the data points and predicts a reasonable transverse
Kf=1.55W/moC, 1.60W/moC and 1.65W/mOC at the three temperatures. It
should also be noted that a p' other than 1 (but within the limits of Equation
6.26) could be chosen if experimental data would suggest such a choice. The
experimental data of Figures 8.17-8.19 can be predicted almost exactly if a
p'=0.9 is chosen for Vf _ 0.6 and p'=l for greater V 's.
Figure 8.20 shows the modified Rayleigh model of Equation 6.31
plotted with the experimental data at 1450C. A thermal contact
conductance of hc=4x106 W/moC with a fiber diameter equal to 7.5pm has
been used. The inclusion of this small contact resistance between fiber and
matrix does not disqualify the modified Rayleigh model, in fact, the model
now represents the data better. Despite the physical reality of a
fiber/matrix contact resistance because of a fiber coating, fiber
electrochemical treatment of poor adhesion, very little is known about its
properties. The data presented in Section 8.8 offers some evidence that an
interphase region does exist around the surface of the AS4 fibers which have
been electrochemically treated. Equation 6.31 does predict a reasonable
behavior (Figure 6.6) for the effective conductivity as the interphase region
becomes less conductive but a value of hc=4x10O6W/moC is purely speculative
and further experimental research remains to actually measure the thermal
contact conductance (hc ) between the fiber and resin.
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Figure 8.17 SCS model (Equation 6.22) plotted with the measured
transverse thermal conductivity at 95C.
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Figure 8.18 SCS model (Equation 6.22) plotted with the measured
transverse thermal conductivity at 145C.
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Figure 8.19 SCS model (Equation 6.22) plotted with the measured
transverse thermal conductivity at 1750C.
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Figure 8.20 Modified Rayleigh model with a small fiber/resin interfacial
contact resistance plotted with the measured transverse
thermal conductivity at 1450C.
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8.5 Longitudinal Thermal Conductivity as a Function of
Fiber Volume Fraction
The longitudinal thermal conductivity (fibers parallel to the direction
of measurement) of the AS4/3501-6 graphite/epoxy laminates was
experimentally measured as a function of the fiber volume fraction. Figure
8.21 shows the experimental data for laminates with Vf=0.45, 0.57 and 0.64
vs. the measuring temperature. It is seen that the longitudinal
conductivities of the laminates are approximately an order of magnitude
greater than the transverse conductivities (Figures 8.7-8.9) for the same
volume fraction. Figure 8.22 shows the same data plotted vs. the fiber
volume fraction at the three temperatures. Because the fibers are in
parallel combination with the resin (at least, ideally), a simple rule of
mixtures can be used to calculate the laminate conductivity based on the two
materials' conductivities and their volume fractions,
Kf = Kf Vf + KV (8.2)
Figures 8.23-8.25 show that this model works well at the three
measurement temperatures but that some scatter does exist. The
extrapolated longitudinal Kf is given for each temperature in Figures 8.23-
8.25.
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Figure 8.21 Measured longitudinal thermal conductivity at various fiber
volume fractions vs. temperature.
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Figure 8.22 Measured longitudinal thermal conductivity at various
temperatures vs. the fiber volume fraction.
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Figure 8.23 Parallel model (Equation 8.2) plotted with the measured
longitudinal conductivity at 950C.
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Figure 8.24 Parallel model (Equation 8.2) plotted with the measured
longitudinal conductivity at 1450C.
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Figure 8.25 Parallel model (Equation 8.2) plotted with the measured
longitudinal conductivity at 1750C.
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8.6 Thermal Conductivity for Fibers Rotated at Various
Angles to the Measurement Direction
Theory suggests that when fibers are rotated at various angles to the
direction of conductivity measurement, a second order tensor rotation can be
used [47, 50-52]. To calculate the rotated conductivity, the transverse and
longitudinal conductivity of the laminate must be known. These values have
been presented in previous sections but for clarity are shown once again in
Figure 8.26. The theory of this rotation is derived in Appendix B and
discussed in Section 6.5. Equation 6.51 gives the theoretical value for the
measured conductivity (Kx). This equation will of course predict the correct
values at 0=00 (longitudinal conductivity) and 0=900 (transverse
conductivity) so it is the theoretical prediction at the intermediate angles
that is of interest.
Chapter 7 discussed how edge effects were eliminated from the
experimental procedure by using partial/partial-laminates surrounded by
mylar insulation. An observation was made that the same discrepancy
between theory and experiment exists for the data of Piling et. al. [961 and
Harris et. al. [95] as in this research when the contact resistance between
laminate and apparatus is left unaccounted. Therefore, using
H=7280W/moC (Appendix C.1) and Equation 7.4 to calculate the actual
thermal conductivities and then substituting these into equation 6.51 to
calculate Kxx results in a good correlation between theory and experiment.
Figures 8.27 and 8.28 show the theoretical predictions compared to
experimental results for unidirectional laminates with angles of rotation,
8=300, 450, 600 and 750. It is seen that the theory predicts the experimental
measurements within the experimental error.
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Figure 8.26 Measured transverse and longitudinal thermal conductivities of
a laminate with Vf0.57.
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Figure 8.27 Rotation model (Equation 6.51) plotted with the measured
thermal conductivity of unidirectional laminates with rotated
plies.
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Figure 8.28 Rotation model (Equation 6.51) plotted with the measured
thermal conductivity of unidirectional laminates with rotated
plies.
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Figure 8.29 Rotation model (Equation 6.51) plotted with the thermal
conductivity of unidirectional laminates with rotated plies at
angles from 00 to 900.
-232-
It is therefore concluded that the second order tensor rotation has been
experimentally verified. It is believed that the greatest remaining source of
error for these tests is the accuracy of the measurement of the angle of
rotation. The procedure used for creating and measuring each angle was
described in Chapter 5 while the microphotographs of Appendix E show that
the fiber angle may vary as much as 30 from nominal which has a large
effect on the measured conductivity. The experimental results are also
plotted in Figure 8.29 with the theory vs. the angle of rotation at 1450C.
These results seem to validate the use of partial/partial-laminates with the
guarded hot plate when off-axis conductivity measurements are desired.
However, any heat loss from the laminate must be closely approximated, the
contact resistance between plate and apparatus should be measured and
specimens with plate dimensions, that is, thickness much less than either
length or width, should be used to help minimize edge effects (t/L=0.04,
tl w=0.2 were used with the partial/partial-laminates).
Laminates with ±0 combinations of plies were also experimentally
tested using the partial/partial-laminates and the methods previously
described. Equation 6.56 calculates the conductivity (Kxx) when multi-
angled laminates are tested. Equation 6.56 predicts that the conductivity of
a laminate composed of +0 plies will be the same as one composed of ±0 plies.
However, Figure 8.30 shows that the conductivity of the +0 laminates is
generally a few percent higher than that of the corresponding ±0 laminate.
It has not been determined if this discrepancy is of theoretical or of
experimental nature. Equation 6.56 can also be used when the conductivity
of laminates with various angles of rotation is measured. Figure 8.31 shows
the experimental results plotted with the calculated values for a [±302/02138
and a [±602/0213s laminate. The method using partial/partial-laminates,
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accounting for heat loss and he was also used for these tests. It is seen that
Equation 6.56 predicts the experimental values within the experimental
error.
8.7 Thermal Conductivity of AS4 Fiber and 3501-6 Resin
Figure 8.32 shows the extrapolated values for the transverse and
longitudinal conductivity of AS4 fibers as well as the measured conductivity
of the fully cured 3501-6 resin (a=0.98). Equation 6.22 (SCS method with
p'=l) was used to obtain the extrapolated transverse fiber conductivity.
Equation 8.2 (rule of mixtures) was used to obtain the extrapolated
longitudinal fiber conductivity. The data plotted in Figure 8.32 is also listed
in Appendix C.1 under the headings 28R, C6 and C7 for the respective
properties.
8.8 Evidence of Fiber/Matrix Thermal Contact Resistance
It is reasonable to believe that fiber coatings, electrochemical
treatments and poor adhesion interphase regions will have a different
thermal conductivity than the bulk fiber or resin. Theory in Chapter 6.3 has
been derived to account for the effect this region may have on the transverse
thermal conductivity of a laminate. However, no physical evidence of an
interphase region for the AS4/3501-6 composite was presented, and in fact,
the thermal contact conductance (hc ) has not been measured. However, two
observations suggest that an interphase region (with properties different
than the bulk fiber or matrix) may exist around the electrochemically
treated AS4 fibers. A scanning electron microscope (SEM) [118, 119] was
used to take microphotographs of the region around a fiber.
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Figure 8.30 Comparison of the measured thermal conductivity for
laminates with +0 and ±e plies.
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Figure 8.31 CLPT model (Equation 6.56) plotted with the measured
thermal conductivity of laminates with various angles of
rotation.
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Figure 8.32 Extrapolated values for the transverse and longitudinal
conductivity of AS4 fiber as well as the measured conductivity
of the fully cured 3501-6 neat resin (a=0.98)
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The fibers in Figure 8.33 show a region surrounding the fiber, perhaps
composed of material other than the bulk fiber or resin. This region appears
to be on the order of 50 nanometers thick. Another possibility is that a fine
out-of-plane ridge remains around the fiber after polishing (procedure
described in Appendix E) that creates increased electron scattering and thus
the brighter region. However, the common technique to verify an out-of-
plane region is to tilt the surface so that shadowing occurs. This technique
was used but no shadowing was observed which suggests that the out-of-
plane ridge doesn't exist or is just unable to be detected by the SEM.
Finally, the SEM was used to complete a chemical composition of the
interphase region. It was determined that the interphase region contains
9% less sulfur than the bulk resin (fiber contains 0% sulfur). Thus, although
the evidence is not overwhelming, the experiments do suggest the existence
of an interphase region around the surface of the fiber but further research
into the properties of this region is necessary.
-238-
Figure 8.33 Microphotographs showing some detail of the fiber/matrix
interphase region.
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Chapter 9
Conclusions and Recommendations
9.1 Conclusions
Heat transfer in an anisotropic thermosetting advanced composite
during its cure has been studied. The chemical kinetics, specific heat,
density and thermal conductivity of AS4/3501-6 graphite/epoxy have been
experimentally measured and then modeled analytically as well as
empirically. The research of this thesis has led to the following conclusions:
1. The variation of resin peak exothermic temperature with the
differential scanning calorimeter (DSC) scan rate was used to model
the cure kinetics of the 3501-6 resin. The proposed semi-empirical
model [35] predicts the experimentally measured resin degree of cure
well for a cure temperature above 150C00 but tends to under predict
the degree of cure below this temperature. The Springer/Loos
empirical model does better at predicting the experimental data below
150C but worse at the higher temperatures.
2. The specific heat of AS4/3501-6 graphite/epoxy increases with
temperature at high degrees of cure (a;0.5) but decreases with
temperature at low degrees of cure (a_ 0.5).
3. The density of 3501-6 neat resin increases 3.1% upon final cure
and its gel point was observed to occur near a=0.5
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4. A new self consistent scheme (SCS) model was derived for the
effective transverse thermal conductivity of a fiber-reinforced
composite. This model has the ability to represent the very important
change in conductivity when the fibers begin to form a continuous
lattice, called the percolation effect. Using a value ofp'=l, the SCS
model was found to match the experimental data very well. The SCS
method was also used to calculate the upper and lower bounds for the
effective conductivity of a fiber-reinforced composite. For highly
conductive fibers (with a fiber to matrix conductivity ratio (Kf/Km)
equal to 1000), the SCS model predicts a percolation threshold near a
fiber volume fraction (Vf) of 48%.
5. Lord Rayleigh's model for the effective conductivity of a material
with cylinders arranged in rectangular order was modified to account
for a possible thermal contact resistance between fiber and resin.
This model predicts that the effective transverse thermal conductivity
of AS4/3501-6 graphite/epoxy will actually decrease with increasing
fiber volume fraction for fiber/matrix contact conductances below
about 2.5xl05W/m 2oC.
6. Lord Rayleigh's model was also modified to account for the
transversely anisotropic thermal conductivity behavior of fiber-
reinforced composites. Microphotographic data show that multi-
angled laminates compact more in the through-thickness direction
than perpendicular to it during cure which gives rise to the transverse
anisotropy. Experiments support the model's predictions about the
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conductivity of a transversely anisotropic laminate for typical matrix
rectangles with an aspect ratio of up to e/= 1.10.
7. A method was developed for measuring the thermal conductivity of
a thermosetting composite during its cure. Using this method, it was
determined that the thermal conductivity of the composite does not
change with resin degree of cure in the region 0.536 5 a _ 0.96.
However, upon final cure, a dramatic resin shrinkage causes the
composite thermal conductivity to increase; the magnitude of the
increase varies depending on the laminate fiber volume fraction and
ply layup angles.
8. The transverse thermal conductivity of the composite was
experimentally measured as a function of the fiber volume fraction.
The experimental data was compared to seven models derived by
other authors as well as the SCS model derived during this research.
The SCS model best predicts the experimental data and was used to
extrapolate the data to predict a value for the transverse thermal
conductivity of the AS4 fibers.
9. Methods have been developed to manufacture AS4/3501-6
graphite/epoxy laminates with unique degree of cure and fiber volume
fractions.
10. An experimental method utilizing a guarded hot plate was
designed to measure the off-axis thermal conductivity of the
anisotropic composite. The experiments proved that a second order
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tensor transformation predicts the conductivity of a unidirectional
laminate with fibers rotated at an angle to the measurement
direction. A classical laminated plate theory was also experimentally
proven to predict the conductivity of multi-angled laminates.
11. Using analytic models, the transverse and longitudinal
conductivities of AS4 fibers have been estimated. These
conductivities are not readily available in the literature and may be
representative of most PAN based fibers.
The experimental data, methods and models of this thesis provide
important information about the heat transfer within a thermosetting
composite during its cure. This knowledge can be used to accurately
calculate the temperature and degree of cure profiles within a laminate.
This knowledge is necessary, although not sufficient, for prediction of the
conditions necessary for the formation of voids, residual stress and warpage.
9.2 Recommendations
Although this research has looked extensively into the heat transfer
in a thermosetting anisotropic composite during its cure, many questions
have been raised. The following research is recommended:
1. Experiments be performed measuring the conductivity of a
composite system, with a conductivity or dielectric ratio near
Kf/Km=1000, vs. the volume fraction to determine the validity of the
SCS model to predict the percolation threshold of a fiber-reinforced
composite.
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2. Further experiments be performed to determine if a value ofp'=1
in the SCS model is the proper choice for all composites or if another
value is more appropriate. The experimental measurement of the
percolation threshold would give an indication of the proper value for
p' in the SCS model.
3. Experiments be performed with a controlled number of cylindrical
fibers with a known geometrical arrangement to further analyze the
applicability of the transverse thermal conductivity models.
4. An experiment be designed to directly measure the transverse
thermal conductivity of graphite fibers (diameters on the order of 8
microns).
5. Experiments be conducted to analyze the performance of the
thermal conductivity models under transient or cyclic heat transfer
conditions.
6. A two or three-dimensional finite element model be formulated
from the equations of this thesis to predict the temperature and
degree of cure profiles within laminates of various geometries (such as
a thick plate or a skin/stiffener assembly) during their cure.
7. Experiments be performed to measure the ability of the finite
element model to correctly predict the temperature and degree of cure
profiles within the laminates.
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8. Fibers be embedded in a resin system with various coatings or
adhesive properties to further test the effect an interphase region has
on the laminate transverse thermal conductivity.
9. Experiments be performed to analyze the performance of the
second order tensor transformation of thermal conductivities with
boundary conditions other than for a thin plate.
10. A more accurate model be formulated for the cure kinetics of the
3501-6 resin. This model would likely include more rate constants
than the current equations employ.
The ability to predict the heat transfer within an anisotropic
thermosetting composite, composed of a general layup and geometry, would
provide very useful knowledge to any of the various approaches to
controlling the cure cycle. This research represents a step toward that goal.
The recommended research represents the next level to be pursued in
achieving this ability.
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Appendix A
Experimental Error Estimates
To draw conclusions from the previously presented data an error
analysis of the experimental procedures must be completed. The expected
error (e) of a measurement, g, is approximated as,
a 2(de (A.1)
where the ei's are the various independent errors that contribute to the
measurement. The three experiments whose error must be estimated are
the cure kinetics, specific heat and thermal conductivity measurements.
A.1 Cure Kinetics Error
The measurement of the resin cure kinetics involved the estimation of
the resin degree of cure as a function of time at a given cure temperature.
As shown by Equation 3.1, the two independent parameters necessary for
the calculation of the resin degree of cure is the heat evolved as a function of
time (H(t)) and the resin heat of reaction (Hr). As shown in Section 3.3, the
Hr is known within 2.8% and the H(t) is known within 2%. Therefore, the
resin degree of cure is known with an accuracy of 3.4%.
A.2 Specific Heat Error
The specific heat of the graphite/epoxy was measured using the
procedure described in Chapter 4 and calculated using Equation 4.4. The
calculation involves the measurement of the sapphire specific heat and mass
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as well as the mass of the graphite samples and the plot deflections of both
materials. The specific heat of the sapphire is known to five significant
figures and therefore creates no significant error. The measurement of the
mass of the samples is estimated to be within 1% and the measurement of
the y-deflections (which was done by hand) is estimated to be within 4%.
Therefore, the graphite/epoxy specific heat is known with an accuracy of
5.8%.
A.3 Thermal Conductivity Error
The thermal conductivity of the graphite/epoxy was measured using
the procedure described in Chapter 7 and calculated using Equation 7.4.
That is,
a = dx* Km* H
dx* Hc - Ke
where, (A.2)
~K, _Q dx _V*I dx
A dT A dT
where V is the voltage across the heater, I is the current, A is the flux-plate
area, dx is the specimen thickness, dT is the temperature difference and he
is the contact resistance between the laminate and the test apparatus. The
error in the heat flux measurement is negligible whereas the thickness is
estimated within 0.4% and the area within 0.6%. The temperature
difference is estimated within 1.2%. Therefore Kmeas is estimated within
1.2%. As shown in Appendix C.1 the hc is known within 4.1%. Therefore,
the graphite/epoxy thermal conductivity is known with an accuracy of 4.3%
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Appendix B
Rotation of the Principal Thermal
Conductivity
The derivation for the rotation of the principal conductivities into
another axes system is given in this appendix. The method of this appendix
is to use an energy balance for an infinitesimal triangular element. The
method used here is similar to the one used by Tsai and Hahn [47].
Y
4
q
Y
Element thickness=1
Figure B.1 An infinitesimal element used for the energy balance. Arrows
denote a positive heat flux direction.
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The material principal directions are aligned with the x, and x2 axes
system. That is, x1 is parallel to the fibers and x2 is transverse to the fibers
and the rotation will be into the x, y axes system. The q's are the heat flux
per unit area in the appropriate directions. The derivation begins with
Fourier's heat flux equation for an anisotropic laminate in its principal axes
system,
qz =- K22 0 T,x2 (B.1)
q3 J 0 K33 Jx
where K1 1 is the longitudinal thermal conductivity and K2 2 , K3 3 are the
transverse conductivities and T,x are the linear temperature gradients in
the appropriate directions. It is assumed that the material is transversely
isotropic (however, Chapter 8 shows that this may not always the case) and
therefore, K2 2 =K3 3 equals the transverse thermal conductivity of the
laminate. Because there is no heat generation within the element, the heat
flux in must equal the heat flux out,
qx * dy + q, * dr = q, * d2 = q2 * d (B.2)
where the dx's and dy's are the differential lengths in the appropriate
directions. The direction cosines are defined as,
= cos 0
dX2
-= 
-sinO
dX2 (B.3)
dy = sin 0
d=
dr
dxl
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and therefore equations B.2 can be rearranged by using the direction
cosines,
q, = qx * cos 0 - q * sin 0
q2 = qx * sin O +q, * cosO (B.4)
q3 = qz
where the third part of Equation B.4 results from the fact that the rotation
is about the z-axis. Now using the chain rule of differentiation the
temperature gradients can be expanded,
dT dx dT dy
dx1 Ox dx, dy dx1
dT rT dx
x- xxOx2 Ox Ox2
dT dy
dy dx2
(B.5)
and now rotating through a positive 0,
dT T
- cos 0 +
dx 1 dx
-T - sin 0
dx2  dx
dT dT
dx3 dz
T.
-- sin 0
dy
dT
+ cos 0 (B.6)
and now solving Equation B.4 for qx' qy and qz with some algebra gives,
q = cos 0 * ql - sin 0 * q2
q, = cos 0 * q2 + sin * q (B.7)
qz = q3
and then substituting Equation B.1 into B.7 to eliminate ql, q2 , q3 gives,
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qx =-cosO* K, *T,, +sinO*Kzz*T ,2
q, =-cos8* K *T 2 -sin0 * K1 * T, (B.8)
qz = -K 33 * Tox,
and finally, substituting Equation B.6 into B.8 gives,
qx = _(cos 2 0* K1 +sin2 *K22 )TO -cos 0sinO(K1 -K22)T
qY = - cos 0 sin O(KII - K2)T - (cos 2 0 * K22 +sin2 0 * KI1)T (B.9)
qz = 
-K33 * T
and therefore in matrix notation, the rotation of the principal conductivities
is,
q x  (cos 2 0 * K1 + sin2 0 * K22) cos Osin O(K 1 - K22) 0 T'
q, = cosOsinO(K,, - K22) (cos2 * Kz + sin2 * K,,) 0 T (B.1O)
q 0 0 K33 T
or another way of writing this,
q K .,K K 0 T "q K, , O 
qy = K z KYY 0 T
qz J L 0 Kzz T
where, (B.11)
Scos 2 sin 0
K, sin2 e cos K1
KY cos0sinO -cos0sin
From Equation B.10 it is now seen that the heat flux may not
necessarily be in the direction of the temperature gradient for an anisotropic
laminate when the gradient is not in the principal direction of the laminate.
For example, when the temperature gradient is in the x-direction the
magnitude of the heat flux is then,
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q = -T K + K2
or equivalently, (B.12)
qV = -T, 1K" cos2 O+K2sin2 0
where 9p is the heat flux direction,
p l = tan K = tan --( c s 0 ssinO(Kui -K 2 ) 
qx K) Cos2 OK + sin 2  K (B.13)
and is defined in the same manner as the angle 0 was in Figure B.1.
Chapter 8 explores the experimental validity of using these equations for the
thermal conductivity rotation.
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Appendix C.1
Thermal Conductivity
Data Key
Specimen #=[layup angles]-test type-thick-length-width-Vf-degree of cure
test types:
tran=transverse to fiber length
long=parallel to fiber direction, or at an angle to, which is given by layup angles
Copy of (Table 5.1)
M Medium fiber volume fraction (-0.57) (5"x5" plate)
M-NP No Post cure - degree of cure-0.96
M-FP Full Post cure - degree of cure-0.98
M-FF With grooves for thermocouples
M-FP-FL Partial Plate - Full Length
M-FP-PL Partial Plate - Partial Length
M-PC Partial Cure - degree of cure-0.536
L Low fiber volume fraction (-0.45) (5"x5" plate)
L-NP No Post cure - degree of cure=0.96
L-FP Full Post cure - degree of cure=0.98
H High fiber volume fraction (=0.64) (5"x5" plate)
H-NP No Post cure - degree of cure-0.96
H-FP Full Post cure - degree fo cure-0.98
SR Sliced and Rotated partial plate - ALL Full Postcure
SR-L-FL Low fiber volume fraction - Full Length
SR-M-FL Medium fiber volume fraction - Full Length
SR-M-PL Medium fiber volume fraction - Partial Length
SR-H-FL High fiber volume fraction - Full Length
R Resin Cure - Partial Length - variable cure
R-PC-FL Partial Cure - degree of cure-0.803
R-NP-FL No Post cure - degree of cure-0.96
R-FP-FL Full Post cure - degree of cure-0.98
Dimensions are average for the test specimen
Thermal Contact Conductances (Avg):
Hc=
7280 (W/mA^2C)
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Low=7010 High=7550
Measured Thermal Conductivity = Kmeas
Real Thermal Conductivity: Kreal=(t*Kmeas*Hc)/(t*Hc-2*Kmeas)
ie: 2 contact resistances in series with the measured laminate
Note that the Kreal Values are Used in Chapter 8
t=thickness
Experimental Data
Average measuring temperature in 0C
Thermal Conductivities in W/moC
Thickness(mm),Length(cm),Width(cm)
Manufacture Process
1=[0136-tran-4.98-12.7-12.7-.57-.98
Temperature Kmeas
97.3 0.595
109.6 0.606
147.6 0.641
168 0.657
177.4 0.666
2=[0136-tran-5.00-12.7-12.7-.57-.96
Temperature Kmeas
40.3 0.46
108.5 0.521
120 0.527
3=[0136-tran-5.08-12.7-12.7-.57-.98
Temperature
75.5
100.8
110.5
177
Temperature
75.5
100.8
110.5
Kmeas
0.568
0.587
0.6
0.655
Kmeas
0.569
0.588
0.603
4=[0]36-tran-5.16-12.7-12.7-.57-.536
Temperature
37.5
47.1
66.2
107.5
126.5
Kmeas
0.458
0.463
0.486
0.423
0.432
Kreal
0.615
0.627
0.664
0.682
0.691
Kreal
0.472
0.536
0.543
Kreal
0.586
0.606
0.620
0.679
Kreal
0.587
0.607
0.623
Kreal
0.469
0.475
0.499
0.433
0.442
M-FP
% Difference
3.34
3.40
3.60
3.69
3.74
% Difference
2.56
2.90
2.94
% Difference
3.12
3.23
3.30
3.61
% Difference
3.13
3.23
3.32
% Difference
2.47
2.50
2.62
2.28
2.33
M-NP
M-FP'
M-FP'
Special: (grooved)
M-PC
5=[0136-tran-5.18-12.7-12.7-.57-.536
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M-PC
Temperature
38.1
56.2
77.1
Kmeas
0.44
0.497
0.456
6=[0136-tran-5.11-12.7-12.7-.57-.536
Temperature Kmeas
35.7 0.466
46.4 0.476
55.6 0.537
63.8 0.544
104.2 0.481
123.2 0.494
8=[0136-tran5.05-12.7-12.7-.57-.536
Temperature Kmeas
38.1 0.462
44.6 0.472
55.2 0.516
59.1 0.529
63.9 0.548
69.7 0.555
75.7 0.543
81.4 0.461
86.6 0.463
95.6 0.468
106.5 0.471
124.7 0.487
144.5 0.513
176.7 0.586
Kreal
0.451
0.510
0.467
Kreal
0.478
0.489
0.553
0.560
0.494
0.507
Kreal
0.474
0.484
0.531
0.545
0.565
0.572
0.560
0.473
0.475
0.480
0.483
0.500
0.528
0.605
% Difference
2.36
2.67
2.45
% Difference
2.54
2.59
2.93
2.97
2.62
2.69
% Difference
2.55
2.60
2.85
2.92
3.03
3.07
3.00
2.54
2.55
2.58
2.60
2.68
2.83
3.24
9=[0136-tran-5.16-
Temperature
39.3
46.8
56.2
12.7-12.7-.57-.536
Kmeas
0.46
0.467
0.474
Kreal
0.472
0.479
0.486
10=[±60 2/0 2]3s-tran-5.11-12.7-12.7-.57-.96
Temperature Kmeas Kreal
100 0.631 0.653
109.3 0.639 0.662
148.3 0.673 0.698
177.1 0.684 0.710
11=[±60 2/0 2]3s-tran-5.11-12.7-12.7-.57-.98
Temperature Kmeas Kreal
99.2 0.685 0.711
108.1 0.695 0.722
% Difference
2.48
2.52
2.56
% Difference
3.45
3.50
3.68
3.75
% Difference
3.75
3.81
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M-PC
M-PC
M-PC
M-NP
M-FP
146.8
176.5
0.742
0.769
12=[0136-tran-4.50-12.7-12.7-.64-.96
Temperature Kmeas
97 0.694
147.2 0.737
177.6 0.756
13=[0136-tran4.50-12.7-12.7-.64-.98
Temperature Kmeas
97.6 0.73
147.7 0.768
177.1 0.794
14=[0136-tran-7.21-12.7-12.7-.45-.96
Temperature Kmeas
106.6 0.43
155.6 0.46
176.7 0.47
15=[0136-tran-7.21-12.7-12.7-.45-.98
Temperature
106.3
155.6
176.3
Kmeas
0.435
0.457
0.465
0.773
0.802
Kreal
0.725
0.772
0.793
Kreal
0.764
0.806
0.834
Kreal
0.437
0.468
0.479
Kreal
0.442
0.465
0.473
17=[±30 2/0 2]3s-tran-5.05-12.7-12.7-.56-.98
Temperature Kmeas Kreal
99.6 0.658 0.682
148.1 0.694 0.721
178.4 0.717 0.746
18-[0136-tran-5.05-12.7-12.7-.57-.98
Temperature Kmeas
99.3 0.64
148 0.682
178.9 0.686
Kreal
0.663
0.708
0.713
19-[±45]9s-tran-5.13-12.7-12.7-.57-.98
Temperature Kmeas Kreal
100 0.688 0.714
149.9 0.735 0.765
176.5 0.746 0.777
22-[0136-tran-5.05-12.7-12.7-.57-.98
Temperature Kmeas
94.3 0.654
143.3 0.711
Kreal
0.678
0.740
4.07
4.22
H-NP
% Difference
4.33
4.60
4.72
% Difference
4.56
4.80
4.97
% Difference
1.65
1.77
1.81
% Difference
1.67
1.76
1.79
% Difference
3.64
3.85
3.98
% Difference
3.54
3.78
3.80
% Difference
3.75
4.02
4.08
% Difference
3.62
3.94
Special:Thin Grease
H-FP
L-NP
L-FP
M-FP
M-FP
M-FP
M-FP
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174.1 0.736
L17-[0136-tran-5.08-12.7-2.75-.57-.98
Temperature Kmeas
94.1 0.648
142.8 0.716
172.4 0.749
L26-[0136-tran-5.08-9.78-2.75-.57-.98
Temperature Kmeas
93.9 0.654
144.2 0.711
174.3 0.736
Kreal
0.672
0.745
0.781
Kreal
0.678
0.739
0.767
24-[±30]9s-tran-5.31-12.7-12.7-.57-.98
Temperature Kmeas Kreal
98.5 0.617 0.637
147.3 0.698 0.724
177 0.741 0.771
25-[0136-tran-5.13-12.7-12.7-.57-.96
Temperature Kmeas
100.9 0.508
148.8 0.57
178 0.599
Kreal
0.522
0.588
0.619
26R-Neat Resin-tran-4.75-11.8-3.05-0.0-.803
Temperature Kmeas Kreal
46.8 0.228 0.231
61.8 0.232 0.235
70.3 0.234 0.237
27R-Neat Resin-tran-4.74-11.8-3.04-0.0-.96
Temperature Kmeas Kreal
46.2 0.232 0.235
60.6 0.239 0.242
95.5 0.251 0.255
144.5 0.266 0.270
175.7 0.278 0.283
28R-Neat Resin-tran-4.75-11.8-2.88-0.0-.98
Temperature Kmeas Kreal
46 0.237 0.240
61.1 0.243 0.246
95.3 0.252 0.256
144.3 0.267 0.271
175.2 0.281 0.286
% Difference
3.57
3.95
4.13
% Difference
3.60
3.92
4.06
% Difference
3.24
3.68
3.91
% Difference
2.76
3.10
3.26
% Difference
1.33
1.35
1.36
% Difference
1.35
1.39
1.47
1.55
1.62
% Difference
1.38
1.42
1.47
1.56
1.64
M-FP-FL
Special:cut from #22
M-FP-FL
Special:cut from #22
M-FP
M-NP
Special: compare to 8
R-PC-FL
R-NP-FL
R-FP-FL
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0.767 4.09
L3-[0136-long-5.13-12.7-2.80-.45-.98
Temperature Kmeas
94.5 3.7
144.7 3.91
175 4
L5-[0136-long-4.75-12.7-2.93-.57-.98
Temperature Kmeas
93.8 4.4
143.4 4.56
174.2 4.61
L6-[0136-long-4.95-12.7-3.18-.57-.98
Temperature Kmeas
93.1 4.34
143.2 4.55
173.5 4.59
L11-[0136-long-5.13-12.7-2.48-.64-.98
Temperature Kmeas
96.2 4.94
144.3 5.33
174.9 5.6
L14-[0136-tran-4.67-12.7-2.59-.57-.98
Temperature Kmeas
94 0.672
142.8 0.751
172.5 0.78
Kreal
4.61
4.95
5.09
Kreal
5.90
6.19
6.29
Kreal
5.72
6.09
6.16
Kreal
6.72
7.46
8.00
Kreal
0.700
0.786
0.818
L15-[+30136-long-5.05-12.7-2.82-.60-.98
Temperature Kmeas Kreal
94.3 3.9 4.95
143.1 4.33 5.66
173.1 4.5 5.96
L16-[+75]36-long-4.72-12.7-2.84-.60-.98
Temperature Kmeas Kreal
96.1 1.03 1.10
145.3 1.14 1.22
174.6 1.19 1.28
LC1-[0136-tran-4.67-12.7-2.59-.57-.98
Temperature Kmeas Kreal
92.5 0.656 0.682
141.7 0.743 0.777
171.6 0.784 0.822
% Difference
21.99
23.39
23.99
% Difference
29.16
30.38
30.76
% Difference
27.39
28.90
29.19
% Difference
30.49
33.30
35.28
% Difference
4.03
4.52
4.70
% Difference
23.73
26.70
27.89
% Difference
6.18
6.86
7.17
% Difference
3.94
4.47
4.72
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SR-L-FL
SR-M-FL
SR-M-FL
SR-H-FL
M-FP-FL
SR-M-FL
SR-M-FL
SR-M-FL
L18-[+60136-long-4.98-12.7-2.74-.60-.98
Temperature Kmeas Kreal
98.2 1.93 2.16
147 2.14 2.43
176.6 2.25 2.57
L19-[+45136-long-4.98-12.7-2.9-.60-.98
Temperature Kmeas Kreal
95.4 2.92 3.48
143.9 3.27 3.99
173.7 3.49 4.32
L20-[+451-long-4.98-9.66-2.90-.60-.98
Temperature Kmeas Kreal
95.2 2.84 3.37
144.1 3.12 3.77
174 3.2 3.89
L21-[+30]-long-4.93-9.61-2.82-.60-.98
Temperature Kmeas Kreal
92.8 3.53 4.39
143.1 3.92 5.02
172.7 4.03 5.20
L21P-[+301-long-4.93-9.61-2.82-.60-.98
Temperature Kmeas Kreal
94.3 3.56 4.44
143 3.95 5.06
172 4.07 5.26
L22-[0136-long-4.81-9.64-2.95-.57-.98
Temperature Kmeas Kreal
92.8 4.29 5.68
142.4 4.79 6.59
172.6 4.98 6.96
65 4.04 5.25
125 4.55 6.15
L23-[+60136-long-5.01-9.62-2.82-.60-.98
Temperature Kmeas Kreal
98.1 1.8 2.00
146.9 2 2.25
176.8 2.05 2.31
L24-[+75136-long-4.68-9.64-2.86-.60-.98
Temperature Kmeas Kreal
103.8
146.2
1.03
1.11
1.10
1.19
% Difference
11.25
12.55
13.23
% Difference
17.52
19.83
21.30
% Difference
17.00
18.83
19.36
% Difference
21.82
24.52
25.30
% Difference
22.02
24.73
25.58
% Difference
27.92
31.69
33.16
26.08
29.87
% Difference
10.38
11.60
11.91
% Difference
6.23
6.74
SR-M-FL
SR-M-FL
SR-M-PL
SR-M-PL
SR-M-PL
Special:L21P is
longer equil time
than L21
SR-M-PL
Special: "No Mylar"
SR-M-PL
SR-M-PL
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176 1.13
L27-[0136-tran-4.74-9.67-2.62-.57-.98
Temperature Kmeas
93.1 0.687
143 0.767
173 0.797
L28-[0136-long-7.82-9.68-2.82-57-.98
Temperature Kmeas
64.7 4.67
95.2 5.03
123.5 5.22
L29-[0136-long-5.85-9.63-2.85-.57-.98
Temperature Kmeas
64.4 4.51
95 4.93
122.8 5.15
Kreal
0.715
0.803
0.836
Kreal
5.59
6.11
6.39
Kreal
5.72
6.42
6.79
L30-[±30 2/0 2]3s-long-4.97-9.74-2.96-.57-.98
Temperature Kmeas Kreal
94.1 4.02 5.17
143.2 4.41 5.83
174.1 4.59 6.15
L31-[±60 2/0 2]3s-long-5.15-9.75-2.88-.57-.98
Temperature Kmeas Kreal
94.4 3.29 3.99
143.7 3.6 4.46
173.6 3.69 4.59
L32-[±30]9s-long5.21-9.64-2.51-.57-.98
Temperature Kmeas Kreal
95 3.48 4.26
145 3.65 4.52
175 3.68 4.57
L33-[±4519s-long-5.13-9.78-2.52-.57-.98
Temperature Kmeas K
95 2.79 3
145
175
2.94
2.97
real
.28
.49
.53
L34-[±60]9s-long-5.21-9.68-2.46-.58-.98
Temperature Kmeas Kreal
95 1.76 1.94
145 1.93 2.15
175 1.96 2.19
% Difference
4.06
4.55
4.73
% Difference
17.87
19.38
20.19
% Difference
23.69
26.18
27.51
% Difference
25.00
27.76
29.06
% Difference
19.24
21.24
21.83
% Difference
20.20
21.30
21.49
% Difference
16.15
17.09
17.28
% Difference
9.73
10.72
10.90
M-FP-PL
SR-M-PL
SR-M-PL
SR-M-PL
(extrapolated)
(extrapolated)
SR-M-PL
SR-M-PL
SR-M-PL
SR-M-PL
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1.21 6.86
3
3
Compiled and Rearranged Data:
C 1-[0136-tran-Experimental-Kreal-full post
Vf Keff-95 0C Keff-1450C
0 0.182 0.194
0.45 0.442 0.465
0.57 0.615 0.664
0.64 0.764 0.806
1 1.55 1.600
C2-[0136-long-Experimental-Kreal-full post
Vf Keff-950C Keff-145 0C
0 0.182 0.194
0.45 4.61 4.95
0.57 5.68 6.59
0.64 6.72 7.46
1 10.0 11.30
C3-Previously published models compared to experimental C1 data
T= 1450C only
Thornborough
Keff
0.269
0.372
0.521
0.673
0.806
1.43
15
Halpin-Tsai
Keff
0.194
0.316
0.487
0.658
0.805
1.45
8.6
Springer-Tsai
Keff
0.194
0.29
0.457
0.64
0.806
% difference
33.33%
11.32%
1.35%
0.02%
161.60%
% difference
0.00%
4.59%
-0.80%
-0.08%
Lewis-Nielsen
Keff
0.194
0.286
0.436
0.617
0.807
2.47
% difference
0.00%
-6.44%
-7.27%
0.07%
137.30%
% difference
0.00%
-1.78%
-3.70%
-0.04%
Rayleigh
Keff
0.194
0.309
0.471
0.643
0.807
% difference
0.00%
1.24%
-3.23%
0.09%
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Keff-1750 C
0.203
0.473
0.691
0.834
1.65
Keff-1750C
0.203
5.09
6.96
8.00
11.90
Vf
0
0.25
0.45
0.57
0.64
0.8
1
Vf
0
0.25
0.45
0.57
0.64
0.8
1
Vf
0
0.25
0.45
0.57
0.64
1.62
190.00%
0.8
0.85
1
Vf
0
0.25
0.45
0.57
0.64
0.8
1
C4-Presently derived Rayleigh (w/Hc) compared
Modified Rayleigh Model:
Vf Keff(1451C) % difference
0 0.194 0%
0.25 0.309
0.45 0.47 1.17%
0.57 0.642 -3.34%
0.64 0.805 -0.06%
0.8 1.93
0.87 5.58 Kf=6.0
1.94
3.63 Kf=4.4
Hasselman(Hc=4,000,000)
Keff % difference
0.194 0.00%
0.316
0.487 4.60%
0.658 -0.86%
0.805 -0.11%
1.45
8.57 137.00%
to experimental C1 data
C4'-Presently derived SCS-middle with c'=1 compared to experimental Cl data
Keff(950C)
0.182
0.29
0.467
0.635
0.756
1.08
1.55
Keff(175*C)
0.203
0.321
0.511
0.689
0.816
1.16
1.65
% difference
0.00%
5.53%
3.27%
-1.04%
0.00%
% difference
0.00%
7.70%
-0.31%
-2.21%
0.00%
Keff(145 0C)
0.194
0.307
0.491
0.664
0.788
1.12
1.6
Vary c' Kef(145*C)
0.9
0.9
0.9
1
1
1
1
0.194
0.304
0.467
0.664
0.788
1.12
1.6
% difference
0.00%
5.49%
0.03%
-2.29%
0.00%
% difference
0.00%
0.43%
0.03%
-2.29%
0.00%
Model compared to C2 experimental
Keff (95*C) % difference
0.182 0.00
4.6 -0.22
data
Keff(1450C)
0.194
5.19
% difference
0.00
4.73
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Hashin-Shtrikman
Keff % difference
0.194 0%
0.316
0.487 4.65%
0.659 -0.76%
0.806 0.03%
1.46
8.7 137.9
Vf
0
0.25
0.45
0.57
0.64
0.8
1
Vf
0
0.25
0.45
0.57
0.64
0.8
1
C5-Parallel
Vf
0
0.45
0.57
0.64
1
Vf
0
0.45
0.57
0.64
1
5.78
6.47
10
Keff (1750C)
0.203
5.47
6.87
7.69
11.9
1.75
-3.79
0.00
% difference
0.00
7.20
-1.30
-3.95
0.00
C6-Extrapolated Fiber Transverse Thermal Conductivity
Temperature Ktran
95 1.55
145
175 1.65
C7-Extrapolated Fiber Longitudinal Thermal Conductivity
Temperature Klong
95 10
145 11.3
175 11.9
Interfacial Thermal Conductance
Test #1
(W/m 20C)
Ind. Variance
302500
810000
4000000
5664400
810000
2220100
4040100
2890000
1562500
108900
448900
3841600
688900
2016400
T=90.5*C Ind. Variance
Hc=
7210
7950
7220
5600
5700
5000
6450
5660
5660
5540
9460
5660
4690
7620
4900
448900
3600
2822400
2496400
5198400
688900
2624400
2624400
3027600
4752400
2624400
6708100
115600
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6.52
7.3
11.3
-1.07
-2.17
0.00
T=600C
Hc=-
7830
6380
5280
4900
6380
5790
9290
8980
6030
7610
7950
5320
6450
8700
9150
7960
7650
6700
9470
8830
Variance Sum
Test#2
T=118.6*C Ind. Variance
Hc=
7510
9620
5430
9450
9970
9630
9630
9160
6450
6170
9460
9620
9630
8190
9980
10500
9450
7820
6910
6430
Variance Sum
Test #3
T=61.60 C
Hc=
6230
4940
5430
5430
4850
4810
5430
5960
6310
52900
5475600
3422500
4708900
7236100
5522500
5522500
3534400
688900
1232100
4752400
5475600
5522500
828100
7290000
10368400
4708900
291600
136900
722500
77493300
Ind.
Variance
1102500
5475600
3422500
3422500
5904900
6100900
3422500
1742400
940900
T= 169.6 0C Ind. Variance
Hc=
7390
5300
8980
7840
9790
10300
8700
7830
9770
7320
8310
8290
9300
8710
5530
7400
10300
9790
8990
6940
T=90. 10C
Hc=
6770
7410
7950
6770
7410
7720
7410
7210
6770
12100
3920400
2890000
313600
6300100
9120400
2016400
302500
6200100
1600
1060900
1020100
4080400
2044900
3062500
14400
9120400
6300100
2924100
115600
60820600
Ind.
Variance
260100
16900
448900
260100
16900
193600
16900
4900
260100
T=170.10 C Ind.
Variance
Hc=
7820
7930
8910
9090
8010
8430
7620
8320
7010
291600
422500
2656900
3276100
532900
1322500
115600
1081600
72900
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3496900
462400
136900
336400
4796100
2402500
41035500
5710
8850
8570
5380
7130
5390
2464900
2464900
1664100
3610000
22500
3572100
47938900
5600
5220
4850
4460
4350
5030
4730
4850
3320
6230
3840
Variance
Sum
2822400
4243600
5904900
7952400
8584900
5062500
6502500
5904900
15681600
1102500
11833600
107130500
7830
7830
6690
6770
6520
6770
7130
5320
5430
7720
7620
302500
302500
348100
260100
577600
260100
22500
3841600
3422500
193600
115600
11125100
9090
8420
7930
7620
7730
7580
7690
8430
7420
8620
7510
3276100
1299600
422500
115600
202500
90000
168100
1322500
19600
1795600
52900
18537600
Interfacial Thermal Conductance Statistics
Mean=7280
7278.5
Standard Deviation=1620
1618.42249
95% Confidence - student t distribution
Upper
t(n-1,alpha/2) 7578.47468
t(139,.025)=2.18
Lowerm6980 Mean=7280
n=140
Lower
6981.52532
Upperm7580
F distribution
Is there a variance with Measuring temperature?
Therefore F<F(.05)
Test #1
F=1.12<2.12
Test #2
F=1. 18<2.12
Test#3
F=1.14<2.12
F=1.57<2.12
F= 1.80<2.12
Therefore assumption of one constant variance cannot be disproven
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F(.05)=2.12
Rotated Conductivities - Experimental vs. Calculated
All experimental and calculated data with edge effects removed
Thermal Contact Conductance=
Hc=
7280 W/m0 C
950 C
Kmeas(no He) Kcal(no Hc)
0.687
4.29
3.53 3.39
2.84 2.49
1.80 1.59
1.03 0.928
4.02 3.84
3.29 2.94
K[90]
K[0]
K[301
K[45]
K[60]
K[751
K[30/013s
K[60/013s
K[90]
K[01
K[30]
K[45]
K[60]
K[751
K[30/013s
K[60/013s
K[90]
K[30]
K[45]
K[60]
K[75]
K[30/013s
K[60/013s
1450C
Kcal(no He)
3.78
2.78
1.77
1.04
4.29
3.28
1750C
Kcal(no He)
3.93
2.89
1.84
1.08
4.46
3.41
Kmeas(Hc)
0.714
5.68
4.39
3.37
2.00
1.10
5.17
3.99
Kmeas(Hc)
0.801
6.59
5.02
3.77
2.25
1.19
5.84
4.46
Kmeas(Hc)
0.833
6.96
5.20
3.89
2.31
1.21
6.16
4.59
Kcal(Hc) % diff.(Hc)
-3.82%
-27.92%
4.44 -1.04%
3.20 5.17%
1.96 2.08%
1.05 4.64%
5.06 2.20%
3.82 4.50%
Kcal(Hc) % diff.(Hc)
5.15
3.70
2.25
1.19
5.87
4.42
-4.28%
-31.69%
-2.56%
1.91%
-0.11%
-0.11%
-0.57%
0.84%
Kcal(Hc) % diff.(Hc)
5.43
3.90
2.36
1.24
6.19
4.66
-4.45%
-33.16%
-4.35%
-0.27%
-2.36%
-2.72%
-0.57%
-1.55%
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Kmeas(no
He)
0.767
4.79
3.92
3.12
2.00
1.11
4.41
3.60
Kmeas(no
He)
0.797
4.98
4.03
3.20
2.05
1.13
4.59
3.69
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Appendix C.2
Specific Heat
Specific Heat - AS4/3501-6 Prepreg - Roll 1
Notes:
All Cures were isothermal for the specified time at the temperature given
All Temperatures in 0C
The unscaled specific heat was scaled to the same scale as the sapphire and
finally given as the avg Cp
Sapphire DSC Deflections:
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
Sappl Sapp2 Sapp3 Sapp4 Avg
(1,2,3)
0.054 0.03 0.03 0.082 0.233
0.067 0.039 0.04 0.094 0.298
0.076 0.046 0.054 0.1 0.359
0.084 0.052 0.062 0.11 0.404
0.092 0.058 0.07 0.12 0.449
0.098 0.063 0.078 0.13 0.488
0.1 0.06 0.085 0.13 0.497
0.11 0.07 0.092 0.14 0.554
0.11 0.07 0.099 0.15 0.567
0.12 0.081 0.1 0.16 0.615
0.12 0.087 0.11 0.16 0.649
0.13 0.091 0.11 0.17 0.678
0.13 0.096 0.12 0.18 0.709
0.14 0.099 0.13 0.19 0.754
0.14 0.1 0.13 0.19 0.756
0.15 0.1 0.14 0.2 0.794
Sapphire Specific Heat:
Temperature
50
60
70
80
90
100
110
120
130
140
Sapp Cp(cal/K g)
0.197
0.201
0.206
0.209
0.213
0.217
0.220
0.223
0.226
0.229
Sapp Cp(J/K g)
0.825
0.843
0.860
0.877
0.892
0.907
0.921
0.934
0.947
0.959
-280-
Avg
Sapp(4)
0.41
0.47
0.5
0.55
0.58
0.63
0.65
0.7
0.75
0.8
0.8
0.85
0.9
0.95
0.95
1
150
160
170
180
190
200
0.232
0.234
0.237
0.239
0.241
0.243
Cure Temperature= 190-200 0 C
10 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
20 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
Unscaled Specific Heat
#60
deflect
0.11
0.16
0.21
0.27
0.35
0.41
0.46
0.51
0.56
0.6
0.64
0.67
0.7
0.72
0.73
0.72
#59
deflect
0.098
0.14
0.2
0.25
0.31
0.37
0.42
0.48
0.53
0.59
0.65
0.69
0.73
0.76
0.78
#64
deflect
0.082
0.13
0.19
0.26
0.33
0.39
0.45
0.5
0.55
0.6
0.65
0.68
0.71
0.74
0.74
0.74
#63
deflect
0.2
0.27
0.34
0.41
0.48
0.55
0.63
0.7
0.77
0.84
0.91
0.97
1.02
1.07
1.1
#60
0.221
0.287
0.361
0.430
0.538
0.590
0.652
0.681
0.707
0.719
0.776
0.773
0.770
0.758
0.776
0.733
#64 Avg Cp #60 Cp #64 Cp
0.165
0.233
0.327
0.414
0.508
0.562
0.638
0.667
0.694
0.719
0.788
0.784
0.781
0.779
0.786
0.753
Unscaled Specific Heat
#59 #63
0.197
0.251
0.344
0.398
0.477
0.533
0.595
0.641
0.669
0.707
0.788
0.796
0.803
0.800
0.829
0.402
0.484
0.585
0.653
0.738
0.792
0.893
0.934
0.972
1.007
1.103
1.119
1.123
1.126
1.169
0.290
0.390
0.516
0.633
0.785
0.864
0.967
1.011
1.051
1.079
1.173
1.168
1.164
1.153
1.171
1.115
0.332
0.430
0.542
0.645
0.808
0.886
0.978
1.021
1.061
1.079
1.164
1.159
1.156
1.137
1.163
1.100
Avg Cp #59 Cp
0.349
0.430
0.550
0.626
0.727
0.796
0.893
0.948
0.988
1.034
1.143
1.156
1.164
1.163
1.206
0.296
0.377
0.516
0.598
0.715
0.799
0.893
0.961
1.004
1.061
1.182
1.194
1.205
1.200
1.243
-281-
0.970
0.980
0.990
1.000
1.009
1.018
0.247
0.350
0.490
0.622
0.762
0.842
0.957
1.001
1.042
1.079
1.182
1.176
1.172
1.169
1.179
1.130
0.804 1.150 1.178 1.206
40 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
60 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
#58
deflect
0.055
0.095
0.13
0.18
0.22
0.27
0.31
0.36
0.4
0.44
0.48
0.52
0.56
0.6
0.64
0.67
#57
deflect
0.07
0.12
0.17
0.23
0.29
0.35
0.4
0.46
0.51
0.56
0.61
0.66
0.71
0.76
0.8
0.85
#62
deflect
0.269
0.324
0.383
0.443
0.489
0.568
0.629
0.689
0.748
0.805
0.862
0.918
0.972
1.030
1.080
1.123
#61
deflect
0.069
0.1
0.15
0.19
0.24
0.28
0.32
0.37
0.41
0.45
0.49
0.53
0.57
0.6
0.64
0.69
Unscaled Specific Heat
#58
0.111
0.170
0.224
0.287
0.338
0.389
0.439
0.481
0.505
0.527
0.582
0.600
0.616
0.632
0.680
0.682
Unscaled Specific Heat
#57 #61
0.141
0.215
0.292
0.367
0.446
0.504
0.567
0.614
0.644
0.671
0.739
0.761
0.781
0.800
0.850
0.865
0.139
0.179
0.258
0.303
0.369
0.403
0.453
0.494
0.518
0.539
0.594
0.611
0.627
0.632
0.680
0.702
Avg Cp #58 Cp
0.207
0.319
0.419
0.538
0.635
0.729
0.824
0.901
0.947
0.989
1.091
1.125
1.156
1.184
1.275
1.279
0.207
0.319
0.419
0.538
0.635
0.729
0.824
0.901
0.947
0.989
1.091
1.125
1.156
1.184
1.275
1.279
Avg Cp #57 Cp #61 Cp
0.236
0.329
0.461
0.559
0.681
0.756
0.850
0.924
0.968
1.009
1.111
1.144
1.174
1.192
1.275
1.308
0.211
0.323
0.439
0.550
0.669
0.756
0.850
0.921
0.966
1.007
1.109
1.142
1.172
1.200
1.275
1.298
0.260
0.336
0.484
0.568
0.692
0.756
0.850
0.926
0.971
1.011
1.114
1.146
1.176
1.184
1.275
1.317
Cure Temperature= 1780C
20 minutes
Unscaled Specific Heat
-282-
200 0.79 1.13
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
40 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
80 minutes
Temperature
50
60
70
80
90
100
#56
deflect
0.4
0.47
0.54
0.62
0.69
0.77
0.85
0.94
1.03
1.11
1.19
1.27
1.35
1.42
1.5
1.56
#55
deflect
0.08
0.1
0.11
0.13
0.14
0.15
0.16
0.18
0.19
0.2
0.22
0.24
0.25
0.26
0.25
0.24
#54
deflect
0.05
0.068
0.086
0.1
0.11
0.13
#68
deflect
0.1
0.12
0.13
0.15
0.17
0.19
0.2
0.22
0.24
0.26
0.27
0.28
0.28
0.28
0.27
0.25
#67
deflect
0.062
0.076
0.091
0.1
0.11
0.13
0.14
0.15
0.17
0.19
0.2
0.22
0.24
0.25
0.25
0.24
#66
deflect
0.095
0.12
0.14
0.16
0.19
0.22
#68 Avg Cp #68 Cp
0.201
0.215
0.224
0.239
0.262
0.274
0.283
0.294
0.303
0.312
0.327
0.323
0.308
0.295
0.287
0.255
Unscaled Specific Heat
#55 #67
0.161
0.179
0.189
0.207
0.215
0.216
0.227
0.240
0.240
0.240
0.267
0.277
0.275
0.274
0.266
0.244
0.125
0.136
0.157
0.159
0.169
0.187
0.198
0.200
0.215
0.228
0.242
0.254
0.264
0.263
0.266
0.244
Unscaled Specific Heat
#54 #66
0.101
0.122
0.148
0.159
0.169
0.187
0.191
0.215
0.241
0.255
0.292
0.317
1.006
1.076
1.118
1.195
1.308
1.368
1.417
1.468
1.515
1.558
1.637
1.615
1.541
1.474
1.434
1.273
1.006
1.076
1.118
1.195
1.308
1.368
1.417
1.468
1.515
1.558
1.637
1.615
1.541
1.474
1.434
1.273
Avg Cp #55 Cp #67 Cp
0.714
0.789
0.864
0.916
0.962
1.008
1.063
1.101
1.136
1.168
1.273
1.326
1.348
1.342
1.328
1.222
0.804
0.897
0.946
1.036
1.077
1.080
1.134
1.201
1.199
1.198
1.333
1.384
1.376
1.369
1.328
1.222
0.623
0.681
0.783
0.797
0.846
0.936
0.992
1.001
1.073
1.138
1.212
1.269
1.321
1.316
1.328
1.222
Avg Cp #54 Cp #66 Cp
0.538
0.628
0.731
0.781
0.862
0.943
0.503
0.610
0.740
0.797
0.846
0.936
0.573
0.646
0.722
0.765
0.877
0.950
-283-
110
120
130
140
150
160
170
180
190
200
120 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
0.14
0.15
0.16
0.18
0.19
0.2
0.21
0.23
0.25
0.26
#53
deflect
0.099
0.14
0.18
0.22
0.26
0.3
0.34
0.38
0.42
0.46
0.5
0.53
0.57
0.61
0.64
0.7
0.24
0.26
0.28
0.3
0.31
0.33
0.35
0.38
0.4
0.42
#65
deflect
0.2
0.26
0.33
0.4
0.48
0.55
0.62
0.69
0.75
0.84
0.89
0.95
1
1.07
1.12
1.19
0.198
0.200
0.202
0.216
0.230
0.231
0.231
0.242
0.266
0.265
0.340
0.347
0.354
0.360
0.376
0.381
0.385
0.400
0.425
0.428
1.006
1.021
1.035
1.079
1.140
1.148
1.156
1.205
1.302
1.303
0.992
1.001
1.010
1.079
1.152
1.153
1.156
1.211
1.328
1.324
Unscaled Specific Heat
#53
0.199
0.251
0.310
0.351
0.400
0.432
0.482
0.507
0.530
0.551
0.606
0.611
0.627
0.642
0.680
0.713
#65 Avg Cp #53 Cp #65 Cp
0.402
0.466
0.568
0.637
0.738
0.792
0.879
0.921
0.947
1.007
1.079
1.096
1.101
1.126
1.190
1.212
0.388
0.468
0.574
0.647
0.744
0.801
0.891
0.936
0.971
1.020
1.108
1.121
1.138
1.165
1.232
1.274
0.373
0.471
0.581
0.657
0.750
0.810
0.903
0.951
0.994
1.034
1.136
1.146
1.176
1.204
1.275
1.336
Cure Temperature= 161.8 0C
20 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
Unscaled Specific Heat
#80
deflect
0.56
0.58
0.59
0.62
0.63
0.64
0.65
0.66
0.66
0.66
#84
deflect
0.41
0.43
0.45
0.46
0.47
0.48
0.49
0.49
0.49
0.49
#80
1.126
1.040
1.015
0.988
0.969
0.922
0.921
0.881
0.833
0.791
#84 Avg Cp #80 Cp #84 Cp
0.825
0.771
0.774
0.733
0.723
0.691
0.694
0.654
0.619
0.587
2.293
2.132
2.112
2.026
1.993
1.901
1.905
1.807
1.709
1.622
2.112
1.950
1.903
1.853
1.817
1.728
1.727
1.652
1.562
1.483
-284-
1.020
1.041
1.061
1.079
1.127
1.142
1.156
1.200
1.275
1.283
0.402
0.466
0.568
0.637
0.738
0.792
0.879
0.921
0.947
1.007
1.079
1.096
1.101
1.126
1.190
1.212
2.474
2.313
2.322
2.199
2.169
2.074
2.083
1.962
1.856
1.762
150
160
170
180
190
200
40 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
80 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
120 minutes
0.66
0.65
0.63
0.61
0.57
0.53
0.48
0.48
0.46
0.44
0.4
0.36
0.800
0.750
0.693
0.642
0.606
0.540
0.582
0.554
0.506
0.463
0.425
0.367
1.623
1.533
1.409
1.297
1.205
1.056
1.500
1.406
1.300
1.204
1.136
1.012
Unscaled Specific Heat
#79
deflect
0.24
0.25
0.26
0.27
0.28
0.3
0.33
0.35
0.36
0.37
0.37
0.37
0.37
0.37
0.35
0.33
#83
deflect
0.26
0.27
0.28
0.29
0.31
0.33
0.35
0.36
0.37
0.38
0.38
0.39
0.38
0.37
0.35
0.33
#79
0.483
0.448
0.447
0.430
0.431
0.432
0.468
0.467
0.455
0.443
0.449
0.427
0.407
0.390
0.372
0.336
#83 Avg Cp #79 Cp #83 Cp
0.523
0.484
0.482
0.462
0.477
0.475
0.496
0.481
0.467
0.455
0.461
0.450
0.418
0.390
0.372
0.336
1.508
1.399
1.393
1.339
1.362
1.361
1.446
1.422
1.382
1.348
1.364
1.315
1.238
1.169
1.116
1.008
1.448
1.345
1.342
1.291
1.292
1.296
1.403
1.402
1.364
1.330
1.346
1.280
1.222
1.169
1.116
1.008
Unscaled Specific Heat
#78
deflect
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.2
0.21
0.22
0.23
0.25
0.27
0.27
0.26
0.25
#82
deflect
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.2
0.22
0.23
0.23
0.25
0.26
0.26
0.26
0.25
#78
0.241
0.233
0.241
0.239
0.246
0.245
0.255
0.267
0.265
0.264
0.279
0.288
0.297
0.284
0.276
0.255
#82 Avg Cp #78 Cp #82 Cp
0.241
0.233
0.241
0.239
0.246
0.245
0.255
0.267
0.278
0.276
0.279
0.288
0.286
0.274
0.276
0.255
1.207
1.166
1.204
1.195
1.231
1.224
1.275
1.335
1.357
1.348
1.394
1.442
1.458
1.395
1.381
1.273
1.207
1.166
1.204
1.195
1.231
1.224
1.275
1.335
1.326
1.318
1.394
1.442
1.486
1.421
1.381
1.273
-285-
1.746
1.661
1.519
1.390
1.275
1.100
1.569
1.452
1.445
1.387
1.431
1.426
1.488
1.442
1.401
1.366
1.382
1.349
1.255
1.169
1.116
1.008
1.207
1.166
1.204
1.195
1.231
1.224
1.275
1.335
1.389
1.378
1.394
1.442
1.431
1.369
1.381
1.273
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
#77
deflect
0.32
0.32
0.33
0.33
0.34
0.34
0.35
0.36
0.36
0.37
0.38
0.38
0.39
0.41
0.41
0.4
#81
deflect
0.02
0.026
0.032
0.044
0.057
0.06
0.081
0.094
0.1
0.11
0.13
0.14
0.16
0.18
0.19
0.19
Unscaled Specific Heat
#77
0.644
0.574
0.568
0.526
0.523
0.490
0.496
0.481
0.455
0.443
0.461
0.438
0.429
0.432
0.436
0.407
#81 Avg Cp
0.040
0.047
0.055
0.070
0.088
0.086
0.115
0.125
0.126
0.132
0.158
0.161
0.176
0.189
0.202
0.193
0.302
0.350
0.413
0.526
0.658
0.648
0.861
0.941
0.947
0.989
1.182
1.211
1.321
1.421
1.514
1.451
Cure Temperature= 150.1 0C
40 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
80 minutes
Temperature
50
60
#72
deflect
0.31
0.33
0.34
0.36
0.38
0.41
0.41
0.42
0.43
0.43
0.44
0.44
0.44
0.43
0.41
0.38
#71
deflect
0.24
0.25
Unscaled Specific Heat
#76
deflect
0.37
0.39
0.4
0.41
0.42
0.44
0.45
0.46
0.47
0.47
0.48
0.47
0.46
0.45
0.43
0.39
#75
deflect
0.26
0.27
#72
0.623
0.592
0.585
0.574
0.585
0.590
0.581
0.561
0.543
0.515
0.533
0.507
0.484
0.453
0.436
0.387
#76 Avg Cp #72 Cp #76 Cp
0.744
0.699
0.688
0.653
0.646
0.634
0.638
0.614
0.593
0.563
0.582
0.542
0.506
0.474
0.457
0.397
Unscaled Specific Heat
#71 #75
2.051
1.937
1.909
1.841
1.846
1.836
1.828
1.762
1.704
1.618
1.673
1.574
1.486
1.390
1.339
1.176
1.870
1.775
1.754
1.721
1.754
1.771
1.743
1.682
1.629
1.546
1.600
1.522
1.453
1.358
1.307
1.161
2.232
2.098
2.064
1.960
1.939
1.901
1.913
1.842
1.780
1.690
1.746
1.626
1.519
1.421
1.371
1.191
Avg Cp #71 Cp #75 Cp
0.483 0.523 1.508 1.448 1.569
0.448 0.484 1.399 1.345 1.452
-286-
#81 Cp
0.302
0.350
0.413
0.526
0.658
0.648
0.861
0.941
0.947
0.989
1.182
1.211
1.321
1.421
1.514
1.451
70
80
90
100
110
120
130
140
150
160
170
180
190
200
120 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
180 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
0.26
0.27
0.28
0.3
0.31
0.33
0.36
0.38
0.39
0.4
0.4
0.4
0.39
0.37
#70
deflect
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.21
0.22
0.24
0.26
0.27
0.27
0.26
0.25
#69
deflect
0.12
0.13
0.13
0.14
0.15
0.16
0.17
0.19
0.19
0.21
0.28
0.29
0.3
0.31
0.32
0.34
0.36
0.38
0.39
0.39
0.39
0.39
0.38
0.37
#74
deflect
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.2
0.21
0.22
0.24
0.26
0.27
0.27
0.27
0.26
#73
deflect
0.12
0.13
0.13
0.14
0.15
0.16
0.17
0.18
0.2
0.21
0.447
0.430
0.431
0.432
0.439
0.440
0.455
0.455
0.473
0.461
0.440
0.421
0.414
0.377
0.482
0.462
0.462
0.446
0.453
0.454
0.455
0.455
0.473
0.450
0.429
0.411
0.404
0.377
Unscaled Specific Heat
#70 #74
0.241
0.233
0.241
0.239
0.246
0.245
0.255
0.254
0.265
0.264
0.291
0.300
0.297
0.284
0.276
0.255
0.241
0.233
0.241
0.239
0.246
0.245
0.255
0.267
0.265
0.264
0.291
0.300
0.297
0.284
0.287
0.265
Unscaled Specific Heat
#69 #73
0.241
0.233
0.224
0.223
0.231
0.230
0.241
0.254
0.240
0.252
0.241
0.233
0.224
0.223
0.231
0.230
0.241
0.240
0.253
0.252
1.393
1.339
1.339
1.318
1.339
1.342
1.364
1.366
1.418
1.367
1.304
1.247
1.227
1.130
1.342
1.291
1.292
1.296
1.318
1.321
1.364
1.366
1.418
1.384
1.321
1.263
1.243
1.130
1.445
1.387
1.385
1.339
1.360
1.362
1.364
1.366
1.418
1.349
1.288
1.232
1.211
1.130
Avg Cp #70 Cp #74 Cp
1.207
1.166
1.204
1.195
1.231
1.224
1.275
1.301
1.326
1.318
1.455
1.499
1.486
1.421
1.408
1.298
1.207
1.166
1.204
1.195
1.231
1.224
1.275
1.268
1.326
1.318
1.455
1.499
1.486
1.421
1.381
1.273
1.207
1.166
1.204
1.195
1.231
1.224
1.275
1.335
1.326
1.318
1.455
1.499
1.486
1.421
1.434
1.324
Avg Cp #69 Cp #73 Cp
1.207
1.166
1.118
1.116
1.154
1.152
1.205
1.235
1.231
1.258
1.207
1.166
1.118
1.116
1.154
1.152
1.205
1.268
1.199
1.258
1.207
1.166
1.118
1.116
1.154
1.152
1.205
1.201
1.263
1.258
-287-
150
160
170
180
190
200
0.22
0.24
0.26
0.27
0.26
0.25
0.21
0.22
0.24
0.25
0.25
0.24
0.267
0.277
0.286
0.284
0.276
0.255
0.255
0.254
0.264
0.263
0.266
0.244
1.303
1.326
1.376
1.369
1.355
1.247
1.333
1.384
1.431
1.421
1.381
1.273
1.273
1.269
1.321
1.316
1.328
1.222
Cure Temperature= 134.1 0C
40 minutes
Unscaled Specific Heat
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
80 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
#32
deflect
0.39
0.4
0.42
0.43
0.44
0.46
0.46
0.47
0.48
0.48
0.48
0.48
0.47
0.46
0.43
0.39
#36
deflect
0.59
0.62
0.64
0.65
0.65
0.66
0.67
0.68
0.69
0.69
0.69
0.69
0.67
0.65
0.62
0.56
#32
0.784
0.717
0.722
0.685
0.677
0.662
0.652
0.627
0.606
0.575
0.582
0.554
0.517
0.484
0.457
0.397
#36 Avg Cp #32 Cp #36 Cp
1.187
1.112
1.101
1.036
1.000
0.950
0.950
0.908
0.871
0.827
0.836
0.796
0.737
0.684
0.659
0.570
2.289
2.118
2.116
1.999
1.953
1.885
1.868
1.792
1.726
1.638
1.657
1.576
1.467
1.368
1.303
1.130
2.353
2.152
2.167
2.056
2.031
1.987
1.956
1.882
1.818
1.726
1.746
1.661
1.552
1.453
1.371
1.191
2.225
2.085
2.064
1.942
1.875
1.782
1.780
1.702
1.633
1.550
1.568
1.492
1.383
1.283
1.235
1.069
Unscaled Specific Heat
#31
deflect
0.33
0.36
0.37
0.38
0.4
0.42
0.43
0.44
0.44
0.45
0.45
0.45
0.45
0.43
#35
deflect
0.26
0.29
0.3
0.32
0.33
0.35
0.37
0.38
0.39
0.4
0.4
0.41
0.41
0.4
#31
0.664
0.646
0.636
0.606
0.615
0.605
0.609
0.587
0.556
0.539
0.546
0.519
0.495
0.453
#35 Avg Cp #31 Cp #35 Cp
0.523
0.520
0.516
0.510
0.508
0.504
0.524
0.507
0.492
0.479
0.485
0.473
0.451
0.421
1.780
1.748
1.729
1.673
1.685
1.663
1.701
1.642
1.572
1.528
1.546
1.488
1.420
1.311
1.991
1.937
1.909
1.817
1.846
1.814
1.828
1.762
1.667
1.618
1.637
1.557
1.486
1.358
1.569
1.560
1.548
1.530
1.523
1.512
1.573
1.522
1.477
1.438
1.455
1.419
1.354
1.263
-288-
0.436 0.404 1.259 1.307 1.211
0.387 0.356 1.115 1.161 1.069
120 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
180 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
#30
deflect
0.29
0.31
0.32
0.33
0.34
0.35
0.37
0.38
0.39
0.4
0.4
0.4
0.4
0.4
0.38
0.36
#29
deflect
0.075
0.1
0.11
0.12
0.14
0.16
0.18
0.2
0.23
0.24
0.26
0.26
0.27
0.27
0.26
0.25
#34
deflect
0.25
0.29
0.3
0.31
0.32
0.33
0.35
0.36
0.38
0.38
0.39
0.4
0.39
0.39
0.38
0.36
#33
deflect
0.21
0.24
0.25
0.27
0.29
0.3
0.32
0.34
0.37
0.39
0.4
0.41
0.41
0.4
0.39
0.38
Unscaled Specific Heat
#30
0.583
0.556
0.550
0.526
0.523
0.504
0.524
0.507
0.492
0.479
0.485
0.461
0.440
0.421
0.404
0.367
#34 Avg Cp #30 Cp #34 Cp
0.503 1.629 1.750 1.508
0.520 1.614 1.668 1.560
0.516 1.600 1.651 1.548
0.494 1.530 1.578 1.482
0.492 1.523 1.569 1.477
0.475 1.469 1.512 1.426
0.496 1.531 1.573 1.488
0.481 1.482 1.522 1.442
0.480 1.458 1.477 1.439
0.455 1.402 1.438 1.366
0.473 1.436 1.455 1.418
0.461 1.384 1.384 1.384
0.429 1.304 1.321 1.288
0.411 1.247 1.263 1.232
0.404 1.211 1.211 1.211
0.367 1.100 1.100 1.100
Unscaled Specific Heat
#29 #33
0.151
0.179
0.189
0.191
0.215
0.230
0.255
0.267
0.290
0.288
0.315
0.300
0.297
0.284
0.276
0.255
0.422
0.430
0.430
0.430
0.446
0.432
0.453
0.454
0.467
0.467
0.485
0.473
0.451
0.421
0.414
0.387
Avg Cp #29 Cp #33 Cp
1.011
1.094
1.118
1.124
1.208
1.224
1.318
1.348
1.427
1.420
1.515
1.459
1.420
1.342
1.312
1.217
0.754
0.897
0.946
0.956
1.077
1.152
1.275
1.335
1.452
1.438
1.576
1.499
1.486
1.421
1.381
1.273
1.267
1.291
1.290
1.291
1.339
1.296
1.360
1.362
1.401
1.402
1.455
1.419
1.354
1.263
1.243
1.161
Cure Temperature= 114.10C
40 minutes
-289-
190
200
0.41
0.38
0.38
0.35
-- ~---
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
80 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
120 minutes
Temperature
50
60
70
80
90
#40
deflect
0.66
0.67
0.68
0.69
0.69
0.7
0.71
0.71
0.72
0.72
0.72
0.71
0.7
0.66
0.61
0.54
#39
deflect
0.67
0.68
0.69
0.7
0.71
0.72
0.73
0.73
0.74
0.75
0.75
0.74
0.73
0.7
0.66
0.58
#38
deflect
0.58
0.59
0.61
0.62
0.63
Unscaled Specific Heat
#44
deflect
0.86
0.87
0.88
0.88
0.89
0.9
0.91
0.92
0.92
0.92
0.92
0.91
0.89
0.85
0.79
0.7
#43
deflect
0.48
0.49
0.51
0.52
0.53
0.55
0.56
0.57
0.59
0.6
0.6
0.61
0.6
0.59
0.56
0.5
#42
deflect
0.54
0.55
0.57
0.58
0.59
#40
1.327
1.201
1.170
1.100
1.062
1.008
1.006
0.948
0.909
0.863
0.873
0.819
0.770
0.695
0.648
0.550
#44 Avg Cp #40 Cp #44 Cp
1.730
1.560
1.514
1.402
1.369
1.296
1.290
1.228
1.162
1.102
1.115
1.050
0.979
0.895
0.839
0.713
Unscaled Specific Heat
#39 #43
1.347
1.219
1.187
1.116
1.092
1.037
1.035
0.974
0.934
0.899
0.909
0.853
0.803
0.737
0.701
0.590
0.965
0.879
0.877
0.829
0.815
0.792
0.794
0.761
0.745
0.719
0.727
0.704
0.660
0.621
0.595
0.509
Unscaled Specific Heat
#38 #42
1.166
1.058
1.049
0.988
0.969
1.086
0.986
0.980
0.924
0.908
2.541
2.296
2.232
2.083
2.022
1.917
1.911
1.810
1.723
1.636
1.655
1.555
1.457
1.322
1.237
1.050
2.489
2.253
2.193
2.062
1.990
1.890
1.887
1.777
1.704
1.618
1.637
1.535
1.444
1.303
1.215
1.031
2.594
2.340
2.271
2.104
2.054
1.944
1.934
1.842
1.742
1.654
1.673
1.574
1.469
1.342
1.259
1.069
Avg Cp #39 Cp #43 Cp
2.168
1.967
1.935
1.823
1.789
1.714
1.714
1.627
1.574
1.517
1.534
1.460
1.372
1.273
1.215
1.031
2.526
2.286
2.225
2.092
2.048
1.944
1.940
1.827
1.752
1.685
1.705
1.600
1.506
1.382
1.315
1.107
1.810
1.647
1.645
1.554
1.529
1.485
1.488
1.427
1.397
1.348
1.364
1.319
1.238
1.165
1.116
0.954
Avg Cp #38 Cp #42 Cp
2.112
1.916
1.903
1.793
1.760
2.187
1.984
1.967
1.853
1.817
2.036
1.849
1.838
1.733
1.702
-290-
0.922 0.878100
110
120
130
140
150
160
170
180
190
200
0.64
0.65
0.66
0.66
0.67
0.67
0.68
0.67
0.65
0.62
0.57
1.687 1.728 1.6470.61
0.62
0.63
0.64
0.65
0.65
0.66
0.65
0.64
0.61
0.56
1.727
1.652
1.562
1.505
1.523
1.471
1.383
1.283
1.235
1.088
1.647
1.577
1.515
1.460
1.477
1.427
1.341
1.263
1.215
1.069
180 minutes
Temperature
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
#37
deflect
0.51
0.55
0.57
0.59
0.6
0.61
0.63
0.64
0.65
0.66
0.66
0.67
0.66
0.65
0.62
0.57
#41
deflect
0.28
0.33
0.35
0.38
0.39
0.42
0.43
0.45
0.47
0.49
0.5
0.51
0.52
0.51
0.5
0.46
Unscaled Specific Heat
#37
1.026
0.986
0.980
0.940
0.923
0.878
0.893
0.854
0.821
0.791
0.800
0.773
0.726
0.684
0.659
0.580
Specific Heat - 3501-6 resin
Joules/gram°
C
Specimen # r53 r52
(Temp/Time) 115/40 115/80
Degree of Cure 0.281 0.325
Temp(°C)
30 1.324 6.072
#41 Avg Cp #37 Cp #41 Cp
0.563
0.592
0.602
0.606
0.600
0.605
0.609
0.601
0.593
0.587
0.606
0.588
0.572
0.537
0.531
0.468
r51
115/120
0.435
4.728
1.489
1.479
1.484
1.449
1.428
1.390
1.408
1.364
1.326
1.292
1.318
1.276
1.217
1.145
1.116
0.983
r50
115/180
0.585
3.611
1.923
1.849
1.838
1.763
1.731
1.647
1.674
1.602
1.539
1.483
1.500
1.449
1.362
1.283
1.235
1.088
r45
131/40
0.388
5.552
1.056
1.109
1.129
1.136
1.125
1.134
1.143
1.126
1.113
1.101
1.136
1.103
1.073
1.007
0.996
0.878
r44
131/80
0.52
27.12
-291-
0.921
0.881
0.833
0.803
0.812
0.784
0.737
0.684
0.659
0.580
0.879
0.841
0.808
0.779
0.788
0.761
0.715
0.674
0.648
0.570
1.687
1.614
1.539
1.483
1.500
1.449
1.362
1.273
1.225
1.079
40 3.107 7.457 5.772 4.98 7.193 27.7
50 3.238 7.447 5.784 5.028 7.118 27.31
60 3.473 7.319 6.05 5.138 7.05 26.71
70 3.732 7.191 5.847 5.289 6.996 25.91
80 3.985 7.031 5.729 5.303 6.916 25.14
90 4.245 6.86 5.582 5.271 6.806 24.34
100 4.511 6.704 5.476 5.223 6.708 23.54
110 4.779 6.582 5.41 5.193 6.629 22.76
120 5.09 6.465 5.622 5.167 6.552 21.99
130 5.375 6.344 5.561 5.37 6.468 21.36
140 5.613 6.281 5.297 5.169 6.498 20.51
150 5.696 6.152 5.164 5.103 6.398 19.75
160 5.813 5.998 5.049 4.948 6.2 18.77
170 5.735 5.642 4.557 4.674 5.909 17.7
180 5.514 5.145 4.142 4.329 5.499 16.56
190 4.989 4.427 3.504 3.854 4.893 15.21
200 4.196 3.457 2.679 3.164 4.002 13.64
210 3.097 2.296 1.707 2.256 2.908 11.86
220 1.781 1.111 0.7663 1.248 1.657 10.01
230 0.5723 0.2214 0. 1289 0.4204 0.5674 3.342
240 0.00988 0.04 0.0468 0.0183 0.04 7.161
250 0.4624 0.6552 0.654 0. 1667 0.0841 6.449
260 1.481 2.025 2.835 1.005 0.7164 6.37
270 3.4982 4.358 3.777 2.888 3.046 7.568
280 5.13 5.277 4.318 3.824 5.36 8.059
290 4.574 5.128 4.679 4.15 5.32 7.268
300 2.951 4.839 4.557 3.414 4.934 24.57
310 3.127 5.563 4.459 3.295 5.329 26.87
320 2.552 5.57 4.554 3.702 5.451 26.93
330 2.053 5.811 4.981 4.115 5.679 27.23
Specimen # r43 r42 r41 r40 r39 r38
(TempT'ime) 131/120 131/180 147/40 147/80 147/120 147/180
Degree of Cure 0.62 0.677 0.435 0.623 0.896 0.907
Temp(0 C)
30 4.266 2.85 4.731 2.511 1.887 1.67
40 5.411 4.189 6.049 3.927 3.201 2.881
50 5.359 4.153 6.4 3.942 3.238 2.965
60 5.419 4.148 6.503 4.006 3.305 3.031
70 5.558 4.223 6.398 4.091 3.369 3.086
80 5.623 4.167 6.337 4.07 3.385 3.132
90 5.568 4.114 6.484 4.066 3.385 3.176
100 5.483 4.14 6.233 4.139 3.397 3.223
110 5.433 4.239 6.169 4.26 3.454 3.299
120 5.374 4.281 6.093 4.327 3.551 3.384
-292-
130 5.293 4.242 6.065 4.304 3.666 3.469
140 5.179 4.165 5.945 4.241 3.721 3.582
150 5.059 4.079 5.917 4.161 3.696 3.74
160 4.887 3.97 5.71 4.046 3.619 3.8
170 4.637 3.803 5.418 3.853 3.477 3.74
180 4.281 3.551 5.017 3.577 3.307 3.638
190 3.766 3.198 4.458 3.173 3.048 3.489
200 3.075 2.716 3.696 2.624 2.687 3.274
210 2.125 2.107 2.728 1.938 2.212 2.958
220 1.304 1.401 1.641 1.165 1.622 2.505
230 0.5979 0.7481 0.7322 0.4759 0.9705 1.925
240 0.1837 0.2355 0.1962 0.0545 0.3988 1.275
250 0.0783 0.0196 0.0263 0.1459 0.122 0.7477
260 1.081 0.5385 0.6149 1.107 0.6279 0.7489
270 3.038 2.099 2.727 2.385 1.889 1.814
280 3.66 2.697 4.621 2.679 1.836 2.177
290 3.544 2.633 4.079 3.302 1.487 1.835
300 4.239 2.725 4.332 2.15 1.855 2.998
310 3.452 2.549 4.129 1.763 1.451 1.45
320 3.596 2.545 4.384 1.683 1.37 1.367
330 4.001 3.016 4.782 2.168 1.753 1.666
Specimen # r29 r28 r27 r26 r17 r16
(Tempflime) 164/20 164/48 164/80 164/120 176/20 176/40
Degree of Cure 0.501 0.745 0.894 0.922 0.756 0.888
Temp(C)
30 2.55 1.962 1.522 1.694 1.523 1.514
40 4.934 3.789 3.466 3.627 3.703 3.747
50 5.117 3.863 3.588 3.761 3.867 3.972
60 5.465 3.971 3.743 3.912 4.101 4.233
70 5.65 4.051 3.856 4.027 4.36 4.436
80 5.729 4.128 3.959 4.127 4.456 4.591
90 6.074 4.145 3.994 4.159 4.565 4.65
100 5.762 4.137 3.982 4.145 4.651 4.654
110 5.628 4.135 3.952 4.117 4.724 4.645
120 5.483 4.165 3.952 4.103 4.766 4.64
130 5.43 4.212 3.962 4.083 4.752 4.64
140 5.382 4.297 4.029 4.105 4.729 4.685
150 5.379 4.353 4.123 4.124 4.675 4.744
160 5.101 4.323 4.189 4.15 4.57 4.806
170 4.82 4.224 4.155 4.192 4.392 4.808
180 4.444 4.071 4.065 4.254 4.15 4.747
190 3.961 3.861 3.943 4.169 3.825 4.618
200 3.32 3.562 3.763 3.996 3.385 4.411
210 2.381 3.133 3.488 3.758 2.787 4.089
-293-
220 1.368 2.599 3.145 3.46 2.126 3.692
230 0.5099 1.997 2.714 3.082 1.465 3.227
240 0.0473 1.501 2.209 2.663 0.9439 2.766
250 0.1267 1.398 1.746 2.369 0.7281 2.533
260 0.9546 2.021 1.665 2.532 1.173 2.86
270 2.699 2.978 2.422 2.862 2.452 3.31
280 3.661 3.144 2.949 2.812 3.035 3.216
290 3.742 3.123 2.79 4.114 2.884 2.971
300 3.478 2.987 2.474 2.629 2.4025 2.791
310 3.047 2.169 2.127 2.063 2.047 2.5
320 2.819 2.108 2.013 1.742 2.0286 1.937
330 2.971 2.048 2.023 1.987 2.023 1.973
Specimen # r15 r14
(Tempiime) 176/80 176/120
Degree of Cure 0.921 0.97
Temp(OC)
30 1.338 1.24
40 3.762 4.022
50 4.027 4.315
60 4.353 4.61
70 4.593 4.943
80 4.773 5.145
90 4.851 5.248
100 4.838 5.31
110 4.825 5.363
120 4.802 5.375
130 4.77 5.387
140 4.793 5.457
150 4.812 5.514
160 4.813 5.552
170 4.795 5.564
180 4.826 5.594
190 4.814 5.643
200 4.628 5.585
210 4.349 5.348
220 4.045 5.133
230 3.679 4.895
240 3.251 4.568
250 2.914 4.261
260 2.955 4.251
270 3.189 4.466
280 3.059 4.422
290 2.761 4.061
300 2.866 3.435
-294-
310 2.683 3.014
320 2.154 2.423
330 2.231 2.324
Specific Heat - AS4 fiber
Joules/gram*
C
Specimen # f6 f6.2 f7 f7.2 Average
Temp(*C)
30 0.328 0.358 0.488 0.255 0.357
40 1.164 1.161 1.371 1.144 1.210
50 1.188 1.242 1.429 1.241 1.275
60 1.252 1.297 1.458 1.297 1.326
70 1.271 1.315 1.460 1.294 1.335
80 1.293 1.350 1.479 1.309 1.358
90 1.306 1.376 1.484 1.349 1.379
100 1.226 1.387 1.463 1.379 1.364
110 1.209 1.467 1.546 1.398 1.405
120 1.227 1.502 1.578 1.417 1.431
130 1.233 1.559 1.628 1.463 1.471
140 1.265 1.633 1.670 1.526 1.524
150 1.276 1.670 1.695 1.570 1.553
160 1.305 1.732 1.733 1.621 1.598
170 1.308 1.760 1.755 1.660 1.621
180 1.316 1.789 1.768 1.687 1.640
190 1.315 1.805 1.765 1.688 1.643
200 1.333 1.813 1.779 1.698 1.656
210 1.354 1.816 1.793 1.691 1.664
220 1.371 1.828 1.811 1.696 1.677
230 1.386 1.839 1.828 1.721 1.694
240 1.419 1.849 1.857 1.738 1.716
250 1.456 1.851 1.891 1.750 1.737
260 1.501 1.860 1.950 1.770 1.770
270 1.529 1.850 2.009 1.781 1.792
280 1.580 1.871 1.999 1.810 1.815
290 1.613 1.879 2.024 1.836 1.838
300 1.650 1.890 2.048 1.868 1.864
310 1.718 1.916 2.072 1.905 1.903
320 1.878 1.888 2.031 1.881 1.920
330 2.046 1.717 2.034 1.796 1.898
-295-
Resin Density Data
All densities in g/cm^3
Degree of Cure=0%
Density
1.26
1.25
1.27
1.26
1.26
Avg=1.26
Degree of Cure=50.8%
Density
1.28
1.27
1.25
1.27
1.31
1.29
1.25
1.25
1.2
1.21
Avg= 1.26
Degree of Cure=98%
Density
1.23
1.27
1.28
1.26
1.26
1.29
1.33
1.3
1.35
1.38
95% confidence
Degree of Cure=92.8%
Density
1.34
1.27
1.23
1.25
1.25
1.27
1.24
1.25
1.27
1.24
Avg=1.26
t(24,.025)=2.064
Therefore x(avg)+/-.011706
For D.O.C.=0,50.8,92.8
Minimum
1.25
Average Maximum
1.26 1.27
For D.O.C.=98
Minimum
1.29Avg=1.30
Average Maximum
1.3 1.31
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Appendix C.3
Cure Kinetics
Using the Differential Scanning Calorimeter (DSC).
S.R. = Scan Rate of the test.
Cure Kinetics -AS4/3501-6 - vs. scan rate - roll 1
Uncured # S.R. (°C/min) Joules/gram Tpeak(°C)
50
51
Average
48
49
Average
11
13
14
15
19
21
Average
17
22
23
24
25
26
Average
27
28
Average
52
80
80
40
40
20
20
20
20
20
20
10
10
10
10
10
10
5
5
2.5
134.3
145.8
140
134.6
142.5
139
158.3
159.1
159.2
154.7
148.1
158.8
156
127.1
182.1
172.9
163.9
185.3
169.4
167
172.9
169.2
171
175.7
296
294.7
295
272.5
272.4
272
250.4
250.5
248.8
249.1
246.9
246.9
249
229.4
228.9
229.4
229.7
228.3
229.7
229
214.8
215.9
215
202
Cure Kinetics - AS4-3501-6 prepreg - roll 1
Uncured # Joules/gram
S.R=20oC/min
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158
159
159
155
148
159
156Average
Experimental
Sample # Temp(oC) Time(min) Deg. of Cure
40,44
39,43
38,42
37,41
32,36
31,35
30,34
29,33
72,76
71,75
70,74
69,73
80,84
79,83
78,82
77,81
56,68
55,67
54,66
53,65
60,64
59,63
58,62
57,61
114
114
114
114
134
134
134
134
150
150
150
150
162
162
162
162
178
178
178
178
190
190
190
190
40
80
120
180
40
80
120
180
40
80
120
180
20
40
80
120
20
40
80
120
10
20
40
60
0.161
0.275
0.355
0.436
0.456
0.581
0.712
0.757
0.691
0.807
0.875
0.906
0.453
0.659
0.888
0.943
0.732
0.866
0.921
0.963
0.629
0.852
0.943
0.957
Cure Kinetics - AS4-3501-6 prepreg - roll 2
Joules/gram
132
129
128
121
125
123
127
127
S.R=20oC/min
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Numerical
Deg. of
Cure
0.088
0.168
0.242
0.340
0.235
0.414
0.552
0.700
0.443
0.690
0.827
0.928
0.394
0.633
0.865
0.951
0.638
0.869
0.983
0.998
0.566
0.812
0.965
0.993
Analytic
Deg. of
Cure
0.0796
0.153
0.220
0.312
0.214
0.382
0.514
0.662
0.409
0.651
0.794
0.906
0.363
0.594
0.835
0.933
0.598
0.838
0.974
0.996
0.527
0.776
0.950
0.989
Springer
Deg. of
Cure
0.223
0.289
0.386
0.532
0.407
0.615
0.750
0.869
0.63
0.836
0.927
0.979
0.594
0.777
0.937
0.982
0.808
0.938
0.993
0.999
0.895
0.955
0.992
0.998
Uncured #
201
202
203
204
205
206
207
Average
Cure Kinetics - 3501-6 resin
Uncured # Joules/gram
rl 436
r2 448
r3 422
r4 447
r5 415
r6 414
r7 405
Average 427
SR=20*C/min
Joules/gram
307
288
241
177
261
205
162
138
241
161
44.2
39.6
213
109
45.4
33.1
104
47.9
33.7
12.6
Deg. of Cure
0.281
0.325
0.435
0.585
0.388
0.520
0.620
0.677
0.435
0.623
0.896
0.907
0.501
0.745
0.894
0.922
0.756
0.888
0.921
0.970
SR=20*C/min
Sample #
r57
r56
r55
r54
r49
r48
r47
r46
r37
r36
r35
r34
r33
r32
r31
r30
r13
r12
rll
r10
Temp(oC)
115
115
115
115
131
131
131
131
147
147
147
147
164
164
164
164
176
176
176
176
Time(min)
40
80
120
180
40
80
120
180
40
80
120
180
20
48
80
120
20
40
80
120
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Appendix D
Previous Author's Effective Transverse
Thermal Conductivity Models
D.1 Introduction
This appendix lists the models of previous authors that are compared
to the experimental data in Chapter 8. These models are valid for the
transverse thermal conductivity of fiber-reinforced composites. The most
important assumptions of the models are stated and an appropriate
reference is given for each model.
D.2 Thornborough Model
The Thornborough model is presented in reference [74]. The model
assumes a combination of fibers in series, matrix in series and fiber/matrix
in series all of which are in parallel with each other. He does not say how he
would determine the appropriate fractions for these combinations other than
to arbitrarily specify them.
(.995* V+.6* V)* K * KK =.005* Vf * Kf+.4 * V, * K, +S.995*V, *Km+.6*Vm *Kf (D.1)
The fractions that were specified are 0.5% fiber in series with itself, 40%
resin in series with itself and 99.5% fiber in series with 60% of the resin.
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D.3 Halpin-Tsai
Using an analogy between in-plane field equations and boundary
conditions to the transverse transport coefficient Halpin and Tsai [56]
derived the following equation,
Kff = Km (1+ C*;7fl
Keg K 1- r * Vf
where,
l m + K (D.2)
and for circular or square fibers,
= 1.0
D.4 Lewis-Nielsen
Lewis and Nielsen modified the Halpin-Tsai equation to include the
effect of the shape of the particles and the orientation or type of packing for
a two-phase system. The equation is found in reference [79] and for
uniaxially oriented fibers is,
Kff = K[1+ C*D*V
e [1-D*U*VJ
where,
K
D= KmKm
D K, + C
U=I+ 2 Vf
Vp
with Vk =
0.785 for square fiber packing (D.3)
.82 for random fiber packing - used in Chapter 8
.907 for hexagonal fiber packing
and C = 0.5 for uniaxially oriented fibers
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D.5 Springer-Tsai
Springer and Tsai proposed a model based on this problem's
analogous nature to longitudinal shear loading [72]. These authors derived
a model for square fibers in a square array and circular fibers in a square
array. However, I have been unable to obtain reasonable answers for the
effective conductivity for their circular fiber embedded in a square array.
Their equation for circular fibers is,
F 
- F *VI 1+VF 2*VKeff=Km *
. 
(12" I J - tan- i:1
F-2*( 1 (D.4)
The equation for square fibers is,
Ke = Km 1 - X + 1 F/(D.5)
where B is as defined above.
D.6 Lord Rayleigh
Rayleigh computed an equation for the effective conductivity of
cylinders arranged in a rectangular order. That is, he computed the
effective conductivity for a circular fiber in a rectangular matrix. Rayleigh
computed a series that takes into account the effect of the nearest 256 fibers
on the potential field of the fiber studied. According to Rayleigh [62], these
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equations are valid "when the dimensions of the obstacles are no longer very
small in comparison with the distances between them."
Kff = K - 2*p
v'+p - 4 s2
V' * "
where,
p = *a* e for square array e =
V= KKm
1+v
= 1 (D.6)1-v
and Rayleigh calculated S4
4
S4 = -(1.18034)460
where a is the fiber radius and 6 and e are the sides of the rectangle that
surrounds the representative fiber. The dimension 8 is in the far-field
temperature gradient direction and e in the perpendicular direction. If the
higher order term in Vf is neglected then the lower bound equation derived
by Hashin is given...
D.7 Hashin
Upper and lower bounds for the effective conductivity have been
presented by Hashin [60]. The lower bound is equivalent to a model first
derived by [73],
lower bound:
KK +m +V *K
Kf = K Km XKm (D.7)
X~m X-m
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upper bound:
KK +1) +Vm * K Kf -1
Keff = Kf( lf+1+VM(K f (D.8)
D.8 Hasselman-Johnson
The interfacial thermal barrier resistance has been modeled by
Hasselman and Johnson [84] who modified the equations derived by
Rayleigh [62] using a technique similar to that of Maxwell [61]. The
equation includes the fiber diameter and the interfacial thermal
conductance as new inputs,
KK -1-K *hc*Vf + a+K K I(  K
_+/.]v K[ a +Kahj K K *Vf + 1+K * Km)J (D.9)
where a is the fiber radius and he is the interfacial thermal conductance
(when hc goes to * this model approaches the Hashin lower bound model).
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Appendix E
Measurement of the Laminate Vf and Aspect
Ratio
E.1 Determination of Laminate Vf
A weight-density method was used to determine the fiber volume
fraction of each laminate. The typical method of resin digestion by acid was
not used because of the time involved to test each sample and because the
current method is more of a global measurement of the Vf while the resin
digestion is only locally correct and therefore many measurements are
needed to obtain the laminate average.
The method of laminate Vf determination is based on the knowledge
of the initial resin mass fraction (supplied by the manufacturer), the fiber
and matrix densities (ppl.80g/cm3 , pm=1.26g/cm3 ) and the initial and final
weights of a laminate before and after it is cured. The weight of the
laminate is measured before the cure. After the cure, excess cured resin is
removed from around the edge of the laminate. Therefore,
vf=m,* Mr PcOMP
V f( P- ) (E.1)
where mr is the initial resin mass fraction, Mi is the initial laminate mass,
Mf is the final laminate mass, pf is the fiber density and Pcomp is the initial
density of the composite (for mr=0.37 then Pcomp=1.56g/cm3 ).
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E.2 Microphotographs
Microphotographs were taken of the graphite/epoxy laminates using a
scanning electron microscope (SEM) whose operating procedures are
discussed by Chescoe and Hayat [118, 119]. Samples were first cut to
dimensions of approximately 1/4" square by 1/8" thick. Finally, the samples
were polished in four stages. The samples were first polished by hand using
a 2T polishing powder and then a 9T, both for 3-5 minutes. The samples
were then polished on a wheel using a 0.3 micron and then a 0.06 micron
Alumina polishing powder. The samples were then mounted on a stub using
silver epoxy and placed in the SEM. The horizontal direction in the
photographs shown is always the direction of the applied temperature
gradient, e as used in Equation 6.35. The 8 direction is always vertical. The
microphotographs were taken for four reasons: to explore the possibility of a
fiber/matrix interphase region, measure the ratio of e/8(Equation 6.35),
measure the Vf and to explore the general fiber positioning in each type of
laminate layup.
The interphase region is explored in Section 8.8. The V of each
laminate was also measured using the area fractions of each photograph.
However, more confidence was placed in the more globally accurate weight-
density method of determining the Vfp therefore, the optically measured
values are not used.
The ratio of /8that was used in Equation 6.35 was measured using
SEM microphotographs taken at 1000x. Sample microphotographs are
shown in Figures E.1-E.3(top). The method was to first measure, by hand,
the line fraction of resin in each direction and then convert this into the
typical dimensions of a resin rectangular element surrounding a typical
fiber. Figures E.1-E.3(top) give the measured ratio of e/6 for each sample
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that was averaged for six microphotographs of each layup.
Microphotographs were also taken at 100x to illustrate the ply, and even the
individual fiber, layup within each laminate. These microphotographs are
shown in Figures E.3(bottom)-E.5.
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Figure E.1 Microphotographs of graphite/epoxy laminates.
Top: [±302/0213s with Vf=0.57, e/8=1.10 and at 1000x.
Bottom: [±45]9s with Vf0.57, /8=1.06 and at 1000x.
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Figure E.2 Microphotographs of graphite/epoxy laminates.
Top: [0136 with Vf=0.64, /8=1.04 and at 1000x.
Bottom: [0136 with Vf=0.57, e/8=1.02 and at 1000x.
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Figure E.3 Microphotographs of graphite/epoxy laminates.
Top: [0]36 with Vf=0.45, E/8=1.03 and at 1000x.
Bottom: [±302/0213s with Vf0.57 at 200x
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